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SUMMARY 
 
 
In a first chapter of the thesis, a motivation is given for the research 
topic developed in the presented work. The requirement for new and 
innovative materials in different industrial applications increases 
continually, motivating materials engineers to improve the 
characteristics of traditional alloy systems by the introduction of new 
thermomechanical processing and to develop new alloys to respond to 
ever changing requirements. 
 
Aluminium sheet for automobile body-in-white applications have 
been used since the early days of car and aluminium production. The 
main aluminium series for automotive sheet application are the non-
heat treatable aluminium alloys Al-Mg-Mn (5xxx) and the heat 
treatable Al-Mg-Si (6xxx) alloys. Some of these alloys are especially 
tailored by varying their chemical composition and processing, such 
as in the case of the 5xxx series, which are optimised for strength and 
corrosion resistance for their use in chassis applications. Al-Mg-Si 
alloys are applied for auto-body sheet because they fulfil the 
requirements of formability, surface appearance and age hardening 
response. 
 
The non-heat treatable AA5083 (AlMg4.5Mn) and the heat treatable 
AA6082  
(AlMgSi1) are two typical aluminium alloys used as for automotive 
and other industrial applications. The need to have all necessary 
information about their mechanical behaviour during different 
working conditions is of the utmost importance. However, little 
quantitative data have been published about the mechanical behaviour 
and the texture developed during the mechanical testing processes. 
This is the reason why an interest was given, in this present thesis, to 
the analysis of the deformation behaviour of AA5083 and AA6082 
using mechanical tests such as axisymmetric compression, plane strain 
compression, and laboratory flat rolling, which are good testing 
techniques for the simulation of rolling and other industrial forging 
processes.  
 
In the second chapter a short overview on mechanical metallurgy is 
given with a first part concerning the fundamentals of plastic 
deformation and strengthening, without entering into excessive 
details. This is followed by a description of different testing 
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procedures in order to compare these tests with the flat rolling process. 
An overview is given about the deformation texture developed in fcc 
metals, and specifically in aluminium alloys. 
 
The rolling process has been simulated in the present work through 
the use of axisymmetric compression tests (ASC) and plane strain 
compression tests (PSC). The fundamentals of this kind of tests are 
explained in this chapter. The constitutive equations are described; 
these were used to fit the experimental data in order to determine the 
saturation stress and the activation energy for each deformation mode. 
 
In the third chapter the principal testing system is described: a 
servohydraulic compression testing machine with two moving 
actuators, computer controlled system using a closed loop control 
system, achieving strain rates up to 100 s-1 and a load up to 2500 kN. 
The testing procedure is explained and the friction effect with this 
machine using different lubricants was analysed. The chemical 
composition of each aluminium alloy is given. Finally, a description 
of the testing techniques for the three different alloy series is 
presented, including testing parameters and sample preparation. 
 
It was found in chapter four that the heat treatable AA6082 exhibited a 
higher stress-strain curve at room temperature in axisymmetric and 
plane strain compression, whereas the non heat treatable AA5083 has 
shown high strength at high deformation temperatures. The values of 
the activation energies were higher and comparable in the case of 
plane strain compression and laboratory flat rolling. It was observed 
that the texture after deformation, in both alloys, varied with 
processing. In AA5083, deformed in plane strain compression at room 
temperature, solid solution showed only a marginal effect on the 
texture developed, whereas the variation in the degree of deformation 
and in the annealing temperature exerted a big influence on the 
texture. In AA6082, it was found that the combination of the aging 
process and the deformation had an effect on the texture, important 
changes were observed when the aging preceded deformation, rather 
than when the deformation preceded the aging. 
 
The Portevin-LeChatelier effect, characterized by the negative 
dependence of the stress on the strain rate, is detrimental in many 
industrial applications. Due to its excess on Mg, AA5083 present 
dynamic strain aging, which is the result of the interaction of Mg 
atoms with mobile dislocations leading to the appearance of Portevin 
Le-Chatelier effect. Some heat treatable alloys exhibited Portevin-
LeChatelier effect, such as Al-Mg-Zn, which was related to the 
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formation of GP-zones during natural aging. During this study, the 
Portevin Le-Chatelier effect was analysed by dynamic micro-hardness 
tests on AA5083 and AA6082 samples, which have shown negative 
strain rate sensitivity during compression tests. 
 
Chapter 5 explains the results obtained in chapter 4, it focuses on the 
mechanisms responsible for the behaviour during different testing 
techniques and testing conditions. The explanations are justified by 
some previous work from literature.  
 
General conclusions and suggestions for further work are presented in 
chapter 6. 
 
During the first year of this thesis, work was done on Si-Mn bearing 
TRIP-steel and the results are included as an addendum at the end of 
this work. Normally, the TRIP effect is mainly studied using tensile 
tests, where the stress-strain curve is limited by necking, which 
reduces the uniform deformation to strains of less than 0.5, and as 
consequence the transformation of austenite into martensite can be 
studied only in a limited range of strain. Because of this limitation, 
and because many industrial processes involve compressive loads, it 
was interesting to analyse the TRIP effect in function of the strain 
using axisymmetric compression and to compare the results obtained 
with those of tensile test described in literature. 
 
An analysis of the TRIP-effect was obtained by means of series of 
axisymmetric compressive tests on different multi-phase structures of 
a Si-Mn bearing TRIP-assisted steel containing amounts of retained 
austenite ranging from 5.70 to 9.11%. The results show that the 
axisymmetric compression test is a powerful tool to investigate the 
transformation stability of the retained austenite in low alloyed TRIP–
assisted steels, giving possibilities for controlled loading up to high 
levels of the true strain. The high strains achieved by axisymmetric 
compression testing allowed for a deeper analysis in relation with the 
nature of the constitutive equations and from them, it was possible to 
find the point at which the TRIP-effect is triggered. 
 
The behaviour of the material with about the same carbon content of 
the retained austenite was affected only by the amount of retained 
austenite. Under the above-mentioned conditions it was found that the 
TRIP effect was triggered at lower strains, but higher stresses, as the 
amount of this phase increased. The maximum strength of the material 
seems to be related with the content of retained austenite in 
undeformed conditions. 
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CHAPTER I 
 
INTRODUCTION 
 
 
I.1 General  
 
The requirement for new and innovative materials increases 
continually in the different industrial applications, motivating 
materials engineers to improve the characteristics of the traditional 
alloy systems by new thermomechanical processes and to develop 
new alloys to respond to ever changing requirements. The transport 
sector, for instance, has to deal with two main factors: customer’s 
expectations, such as fuel consumption, acoustic, design, performance, 
corrosion resistance, durability, low cost, etc, and the legal 
requirements and standards, such as crash and safety, gas emissions, 
noise emission, etc. These factors keep changing and improving, 
influencing producer and process conceptions and push for innovative 
solutions with new materials and new combinations of heat treatments 
and deformation processes in order to obtain a full knowledge of the 
microstructural and textural changes of an alloy under different 
working conditions. These combinations give rise to interactive 
microstructural and textural features due to varieties of mechanisms 
involving the creation, rearrangement and elimination of dislocations 
and grain boundaries as consequence of their interactions with solutes 
and second phase particles.  
 
I.1.1 Use of aluminium alloys  
 
The European automotive industry has more than doubled the average 
amount of aluminium used in passenger cars during the last decade. 
Based on current developments in new model generations, with 
innovative aluminium concepts, it can be estimated that the use of this 
material in European passenger cars will continue increasing during 
the next decade. Aluminium alloys are used as cast or extruded parts 
or as sheet plates in different automotive elements, such as the engine, 
structural parts, chassis applications and body-in-white. During the 
production of these flat rolled or extruded parts, many technical 
problems can appear in the final product such as unexpected failures 
due to strain localisation, or bad quality of surface finish due to the 
appearance of Lüders bands caused by the Portevin-LeChâtelier effect. 
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However, many others defects can appear in the final products and 
their causes remain unknown. To overcome these problems, a better 
understanding of the mechanisms and the interactions occurring 
during the production process is required. That can only be realized by 
laboratory mechanical tests, which give an idea about the behaviour of 
an alloy under specific conditions close to the ones encountered in the 
industrial production processes. 
 
The principal alloys under study in this work belong to two different 
aluminium alloy systems, which showed their efficiency in many 
industrial sectors and obtain their strength through different 
mechanisms: the non heat treatable AlMgMn alloy system, and the 
heat treatable AlMgSi alloy system. The alloys studied here are 
AlMg4.5Mn (AA5083) and AlMgSi1 (AA6082). AA5083 is 
characterized by an excess of Mg atoms, compared to the other alloys 
of the system, whereas AA6082 has an excess of Si atoms. These 
excesses of solute atoms in their chemical compositions enhance their 
mechanical properties and make them competitive aluminium alloys 
when high strength is required. 
 
This thesis deals with different studies and analyses concerning the 
behaviour of AA5083 and AA6082 under specific conditions, which 
can complete the understanding of the microstructural and textural 
changes happening during thermomechanical processing. This can 
help the producers of these two alloys to find explanations for some of 
the problems encountered during their production. The principal 
objectives of this thesis are: 
 
-  The analysis of the different mechanisms controlling the 
deformation behaviour of AA5083 and AA6082 at specific conditions 
of temperature, strain and strain rate, under axisymmetric and plane 
strain compression in one hand, and during laboratory flat rolling in 
the other hand.  
 
-  The study of the effect of the quenching sensitivity, and the 
microstructure after each aging stage and the interaction between the 
precipitates and the dislocations, on the response of AA6082 after 
cold and warm uniaxial compression tests carried out at different 
strain rates. 
 
- The analysis of the changes in the texture of AA6082 and the 
nucleation processes behind these changes in function of alternative 
combinations between artificial aging and plane strain compression 
testing at room temperature.  
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- The analysis of the texture developed in AA5083 as a function 
of the degree of the deformation and the annealing temperature. 
  
- The study of the Portevin-Le Châtelier effect in AA6082 and 
AA5083 by microindentation tests and the analysis of the conditions 
that promote the appearance of this effect in each alloy. 
 
I.1.2 Use of TRIP-assisted steel grades 
 
TRIP (Transformation Induced Plasticity) steel has been intensively 
used for design and construction of the auto-body not only for weight 
saving but also to improve the crashworthiness of vehicles. TRIP 
steels can combine both advantages for forming (high uniform 
elongation) and for dynamic dimensioning (high strength). The 
formability of TRIP steel depends on the amount and the stability of 
retained austenite. Because of the mechanism of transformation of 
austenite to martensite, TRIP effect was found to enhance not only the 
stretchability but also the deep drawability. This transformation during 
deformation is accelerated when the strain rate is increased, which is 
useful to improve the crashworthiness of the car-body without 
deteriorating the energy consumption.  
 
The aim of the study of TRIP assisted steel is to analyse the TRIP 
effect using axisymmetric compression test and to compare the results 
obtained with the plastic instability conditions encountered during the 
tension test. This is then used to define the stress and the strain at 
which the transformation of the retained austenite to martensite is 
triggered during compression testing. 
 
I.2 Commercial wrought aluminium alloys 
 
Because pure aluminium is a material with a relatively low resistance 
to elastic deformation (Young’s modulus about three times lower than 
for iron) and at the same time a low resistance for plastic deformation 
(certainly when compared with the normal steel grades) it is seldom 
used in unalloyed and/or untreated condition. As Young’s modulus is 
not very sensitive to the microstructure of the material, an increase of 
the stiffness of construction elements has to be obtained through an 
adequate design with shapes increasing the moment of inertia of the 
cross section. Extrusion is a very adequate production technique for 
aluminium pieces with a complicated section, presenting a high degree 
of stiffness. The addition of alloying elements to aluminium is 
normally not efficient enough to increase notably the Young’s 
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module, except in some special cases like the use of lithium as 
alloying element. 
 
In order to obtain stronger (higher yield strength, higher ultimate 
strength, combined with an acceptable ductility) lightweight alloys, 
which are useful for industrial application, the addition of alloying 
elements and the use of adequate thermomechanical treatments are 
necessary. 
 
The strength of metallic alloys depends basically on the mobility of 
the dislocations present in the microstructure. Many elements of the 
microstructure may reduce this mobility, because they are 
imperfections and as such they disturb the crystallographic lattice. 
Two main categories of alloy systems can be considered in this 
context: 
 
- The alloying elements are present within the aluminium matrix as 
substitutional solute atoms and give rise to the so-called solid solution 
strengthening. Their solid solubility is not very temperature sensitive 
and no relevant phase transformations occur in the system: these non 
heat treatable alloys include the unalloyed aluminium group (1xxx 
series), the AlMn-AlMnMg group (3xxx series), the AlSi group (4xxx 
series) and the AlMg group (5xxx series). 
 
- The alloying elements can be dissolved in the aluminium matrix, 
but their solubility is strongly temperature dependent: they precipitate 
out by a suitable heat treatment and form particles giving rise to the 
so-called precipitation hardening. This kind of alloys is heat treatable 
and includes the AlCu-AlCuMg group (2xxx series), the AlMgSi 
group (6xxx series) and the AlZnMg(-Cu) group (7xxx series).  
 
The use of aluminium alloys for truck and automobile engine blocks 
and cylinder heads, heat exchangers, transmission housings, engine 
parts and automobile wheels has risen steadily over the last decade 
with the principal aim to decrease the overall weight of the 
equipments. Additionally, in the possible crash of a vehicle made 
largely of aluminium parts, a high proportion of the impact energy 
should be absorbed by the structure itself, in order to protect the 
vehicle occupants. Therefore a material should be used with a high 
capacity of energy absorption, through a high elastic limit and large 
total fracture elongation. 
 
European automotive industry is known worldwide as technically the 
most advanced and innovative. Based on economical and political 
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pressure to reduce fuel consumption and CO2 emission, the increasing 
effort for reducing weight in automobile design and construction has 
lead to the use of specific solutions based on an intensive use of 
aluminium over the last decades [1]. The quantity of aluminium used 
today for modern small and medium sized automobile models lies 
between 50 and 200 kg per car. In some cases, such as the AUDI A2 
and the top class model A8, up to 300 and even 500 kg are used, 
respectively. However, aluminium is heavily competing with other 
light weight materials (new steel grades with high strength and used in 
low thickness, magnesium and fibre-reinforced polymers), which all 
have demonstrated their potential. Nevertheless, aluminium is 
maintaining a competitive position due to its advantages of good 
availability, good recyclability, flexibility of mechanical properties 
(through microstructural control) and mass production capabilities at a 
reasonable price. 
 
The most important aluminium alloys for automotive sheet application 
are the heat treatable Al-Mg-Si (6xxx series) and the non-heat 
treatable Al-Mg-Mn (5xxx series) types. Some are especially tailored 
by variations in chemical composition and processing, e.g. Al-Mg 
alloys optimised for strength and corrosion resistance for use in the 
body frame or Al-Mg-Si alloys used for auto-body sheets have been 
improved for formability, surface appearance and age hardening 
response [2].   
 
Commercial aviation industry would never have succeeded without 
the extensive use of aluminium. Strong aluminium alloys support the 
extraordinary pressures and stresses involved in high altitude flying. 
Wafer thin aluminium panels keep the cold outside and the air inside. 
Aluminium comprises about 80 % on an aircraft’s unloaded weight. A 
Boeing 747 jumbo jet contains 75.000 kg of aluminium. The structure 
of the space shuttle is for 90 % made of aluminium. Because 
aluminium alloys have a good resistance to corrosion, some airlines 
do not paint their planes, saving several hundred of kilograms in 
weight and reducing the maintenance costs. 
 
In the rail and sea transport, Canada’s LRC trains, France’s TGV 
(high speed) trains and the latest version of the 700 series of the 
“Japanese Bullet Train” all have passenger cars mainly made of 
aluminium. Most modern subway cars and most rail freight cars are 
made of aluminium. Fast ferries, with speeds of 35-50 knots, built 
from aluminium are revolutionizing transport over short sea routes. 
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Aluminium has proved its efficiency in other fields such as in 
building, where its resistance to corrosion means that it is virtually 
maintenance free. New technologies such as solar power captors can 
be inserted in aluminium frames, thus saving considerable amounts of 
energy and protecting the environment. In cooking, around half the 
cookware sold globally each year is made of aluminium. It loses only 
about 7 % of the heat it receives, leaving 93 % of the heat to cook the 
food. In packaging, aluminium is used extensively for the protection, 
storage and preparation of food and beverage. Aluminium can be 
rolled into ultra thin foils that are light, strong and have unique barrier 
and insulation qualities to preserve food, cosmetics, and 
pharmaceutical products and protect from ultra-violet light, odours 
and bacteria.   
 
I.3 Materials selected for this study 
 
I.3.1 Heat treatable aluminium alloys 
 
Al-Mg-Si alloys have been studied extensively because of their 
technological importance and their exceptional increase in strength 
obtained by precipitation hardening. Due to their high physical and 
mechanical properties, Al-Mg-Si alloys are widely used in the 
transport sector. The facility with which these alloys can be shaped, 
their low density, their very good corrosion resistance, surface 
properties and good weldability, together with their large availability 
and low costs, make them commercially very attractive, although   
they remain challenging materials. The principal mechanism 
controlling the plastic behaviour of these series is precipitation 
hardening due to the interaction of precipitates with dislocations, and 
the efficiency with which the precipitates can inhibit the mobility of 
dislocations. This efficiency depends on many factors, principally on 
the nature, size and distribution of the precipitates after an appropriate 
artificial aging treatment. However, due to the complexity of the 
precipitation sequence in these alloys, and considerable difficulties of 
the analysis of precipitates in this system, the subject remains 
controversial. In a recent study [4], it was proposed that the 
precipitation sequence is: 
SSS Al Clusters of Si atoms  GP- zones β”β’ β (Mg2Si) 
 
Aluminium alloy 6082 is a medium strength alloy with excellent 
corrosion resistance. Alloy 6082 is known as a structural alloy. In 
plate form, AA6082 is the alloy most commonly used for machining. 
As a relatively new alloy, the higher strength of AA6082 has seen it 
replace AA6061 in many applications. The addition of a large amount 
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of manganese controls the grain structure, which in turn results in a 
stronger alloy. AA6082 is optimised to be the strongest alloy in the 
group, with only minor drawbacks in its other properties. The content 
of Si and Mg are in the range of 0.5 – 1 wt%, usually with a Si/Mg 
ratio larger than 1. Historically, such alloy is said to have excess Si 
relative to Mg2Si [5]. 
 
Table I.1. Typical chemical composition for aluminium alloy 6082 
Si 0.7 to 1.3% 
Fe 0.5% 
Cu 0.1% 
Mn 0.4 to 1.0% 
Mg 0.6 to 1.2% 
Zn 0.2% 
Ti 0.1% 
Cr 0.25% 
Al Balance 
 
In this study, AA6082 is composed by 1.03 %Si, 0.9 %Mg, 0.8 %Mn, 
0.37 %Fe, 0.058 %Cu.  
 
Mechanical Properties 
 
Table I.2: Typical mechanical properties for aluminium alloy 6082 
   	
	
		



 
 

	 
 
 

  
 

   ! 
"#		$%&	"$   


 
Physical Properties 
 
Table I.3: Typical physical properties for aluminium alloy 6082 
Density 2.70 g/cm3 
Melting Point 655°C 
Modulus of Elasticity 70 GPa 
Electrical Resistivity 0.038x10-6 .m 
Thermal Conductivity 180 W/m.K 
Thermal Expansion 24x10-6 /K 
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Temper 
 
The most common tempers for AA6082 are: 
•         O – annealed wrought alloy 
•          T4 – Solution heat treated and naturally aged 
•          T6 – Solution heat treated and artificially aged 
•         T651 - Solution heat treated, stress relieved by stretching and  
            then artificially aged. 
 
Applications 
 
AA6082 is typically used in: 
•         High stress applications 
•         Trusses 
•         Bridges 
•         Cranes 
•         Transport applications 
•         Ore skips 
•         Beer barrels 
•         Milk churns 

I.3.2 Non heat treatable aluminium alloys 
 
The Al-Mg-Mn system provides a combination of high formability 
and high strength achieved by solid solution hardening. The strength 
properties still can be improved by deformation due to a 
characteristically high strain hardening behaviour. Due to their 
problems in strain markings (Portevin-Le Chatelier (PLC) effect 
provoking Lüders lines [6] after sheet forming or stretching 
operation). Al-Mg-Mn alloys are mostly used for inner body panels 
because of their specific combination of strength and formability.  
 
Al-Mg-Mn alloys are applied in Europe in automobile parts in large 
quantities as hot and cold rolled sheet and hydro-formed tubes due to 
their good formability that can always be recovered by annealing. The 
major alloying element is magnesium, which results in a moderate to 
high strength work-hardenable alloy. Magnesium is considerably more 
effective than manganese as a strengthening element as 0.8% Mg 
being equal to 1.25% Mn, and it can be added in considerably higher 
quantities. Alloys in these series possess good welding characteristics 
and relatively good resistance to corrosion in marine atmospheres. 
However, limitations are placed on the amount of cold work and 
operating temperatures in high magnesium alloys to avoid 
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susceptibility to stress-corrosion cracking. In most of the applications 
of this alloy system, strength after welding is a major consideration 
and higher Mg, Mn and Cr content are important in maintaining as-
welded mechanical properties.  
 
Among the most common alloys used historically in this kind of 
applications appears AA5083, which is characterized by excess Mg 
and high content of Mn and Cr. AA5083 is known for exceptional 
performance in extreme environments. It is highly resistant to attack 
by both seawater and industrial chemical environments. AA5083 also 
retains exceptional strength after welding. It has the highest strength 
of the non-heat treatable alloys. AA5083 is characterized by the 
nucleation of the β-phase (Mg2Al3 or Mg5Al8) at low to moderate 
temperatures. The β-phase is generally heterogeneous and grain 
boundaries are favoured nucleation sites more at temperature around 
80°C than at room temperature [5].  Precipitation of the β-phase along 
grain boundaries is relatively benign as long as it occurs 
discontinuously. Most manufacturers of high Mg alloys for structural 
applications understand the general principles of encouraging 
discontinuous β-phase precipitation along grain boundaries. 
 
Table I.4: Typical chemical composition for aluminium alloy 5083 
Si 0.4% 
Fe 0.4% 
Cu 0.1% 
Mn 0.4-1.0% 
Mg 4.0-4.9% 
Zn 0.25% 
Ti 0.15% 
Cr 0.05-0.25% 
Al Balance 
 
AA5083 studied in this work has the following chemical composition: 
 4.03% Mg; 0.48% Mn; 0.21% Si; 0.26% Fe; 0.15% Cr, 0.15% Cu. 
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Mechanical properties 
 
Table I.5: Typical mechanical properties for aluminium alloy 5083 
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Physical Properties 
 
Table I.6 Typical physical properties for aluminium alloy 5083 
Density 2.65 g/cm3 
Melting Point 670°C 
Modulus of Elasticity 72 GPa 
Electrical Resistivity 0.058x10-6 .m 
Thermal Conductivity 121 W/m.K 
Thermal Expansion 25x10-6 /K 
 
Temper 
 
The most common tempers for AA5083 are: 
 
•         0 – Annealed wrought alloy 
•         H111 – Some work hardening imparted by shaping processes. 
•         H32 – Work hardened and stabilised with a quarter hard  
temper. 
 
I.3.3 Commercial pure aluminium  
 
1xxx grades of aluminium are characterized by an excellent corrosion 
resistance, a high thermal and electrical conductivities, low 
mechanical properties and excellent machinability. Moderate increases 
in strength may be obtained by strain hardening. Iron and silicon are 
the major impurities. 
AA1050 is a popular grade of aluminium for general sheet metal work 
where moderate strength is required. It is known for its excellent 
corrosion resistance, high ductility and highly reflective finish. 
AA1050 is used in many industrial applications such as food industry 
containers, chemical process plant equipment, architectural flashings, 
cable sheathing.  
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Chemical Composition 
 
Table  I.7: Typical chemical composition for aluminium alloy 1050 
Cu 0.05% 
Mg 0.05% 
Si 0.25% 
Fe 0.4% 
Mn 0.05% 
Zn 0.07% 
Ti 0.05% 
Al Balance 
 
 
Mechanical Properties 
 
Table I.8: Typical mechanical properties for aluminium alloy 1050 
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Physical Properties 
 
Table I.9: Typical physical properties for aluminium alloy 1050 
Density 2.71 g/cm3 
Melting Point 650°C 
Modulus of Elasticity 71 GPa 
Electrical Resistivity 0.0282x10-6 .m 
Thermal Conductivity 222 W/m.K 
Thermal Expansion 24x10-6 /K 
 
Fabrication Response 
 
Table I.10: Typical fabrication response for aluminium alloy 1050 
Workability – Cold Excellent 
Machinability Poor 
Weldability – Gas Excellent 
Weldability – Arc Excellent 
Weldability – Resistance Excellent 
Brazability Excellent 
Solderability Excellent 
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Temper 
 
AA1050 is most commonly supplied in sheet form with a H14 temper. 
H14 refers to work hardening of the alloy to a half hard temper. 
 
 
Applications 
 
AA1050 is typically used for: 
-         Chemical process plant equipment 
-         Food industry containers 
-         Pyrotechnic powder 
-         Architectural flashings 
-         Lamp reflectors 
-         Cable sheathing 
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CHAPTER II 
 
FUNDAMENTALS OF MECHANICAL 
METALLURGY 
 
II.1 Plastic deformation of metals 
 
II.1.1 General introduction 
 
The importance of metals from the very beginning of their use in the 
pre-history until nowadays in the modern technology of the 21st 
century is due in large part to their formability and ability to modify 
their microstructure and mechanical behaviour. The ease with which 
they can be formed into useful shapes such as tubes, rods and sheets 
by casting, forging, rolling, extrusion and then undergo a thermal or 
thermomechanical treatment in order to obtain the final technological 
properties, has been and still is the main argument to use metals in 
modern technology. 
 
The final shape of a metallic component in an engineering device can 
be obtained through different manufacturing processes, such as: 
 
- casting of the liquid metal in appropriate moulds, 
- plastic deformation processes in which the volume and mass of 
the metal  
 are conserved, 
- metal removal by machining processes, and 
- powder metallurgy. 
 
All solid materials are deformed in some way when subjected to an 
external and/or internal load. If the solid recovers its original 
dimensions when the load is completely removed, it is known as 
elastic behaviour. This behaviour will occur as long as the load causes 
stresses, which are lower than a critical value, mostly called the elastic 
limit. If the applied stresses exceed the elastic limit, the deformation 
will be permanent (and irreversible) when the load is removed. It is 
said that the solid body has undergone a plastic deformation. 
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For most metallic materials, as long as the load does not exceed the 
elastic limit, the deformation is proportional to the load. Hooke’s law 
expresses this situation as follows: 
 
εσ E=    [II.1] 
 
Where σ and ε are (the engineering or the true) stress and (the 
engineering or the true) strain, respectively and E is Young’s modulus 
or modulus of elasticity. For most metallic materials, the Young’s 
modulus is very large (especially when compared to the polymers) and 
the deformation in the elastic range is so small, that normally the 
engineering and the true stress and strain are considered to be 
equivalent (the difference between them is neglected). When larger 
deformations are applied, a distinction should be made between the 
engineering stress  and strain  (referred to the original dimensions of 
the sample) and the true stress w and true strain w (referred to the 
instantaneous dimensions of the sample). Considering the volume of 
the material to be constant and as long as no local area reduction 
occurs during testing, true stress w and true strain w can be 
calculated as follows [1]: 
 
)1(
0
+= εσ
A
P
w   and  )1ln( += εε w   [II.2] 
Where P is the load applied on the sample, A0 the original cross 
section and  = L/L0 the engineering  strain. 
 
Elastic deformation depends only on the initial and final states of 
stress and strain, while plastic strain depends on the loading path by 
which the final state is achieved. In the rest of this work, the 
deformations considered will be in the plastic region, where true stress 
w and true strain w must be used. In order to simplify the notation, 
the symbols  and  will be used form here on to indicate true stress 
and true strain. 
 
II.1.2 Plasticity: fundamentals 
 
The theory of plasticity is concerned with different types of problems 
such as predicting the maximum load that can be applied to a body 
without causing plastic (irreversible) yielding. To predict the point 
when yielding occurs under combined stress states, a number of 
mathematical approaches have been developed in order to take into 
account the properties of the material being stressed. 
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A yield criterion is a mathematical expression of the state of stresses 
that will induce the onset of plastic deformation. The most widely 
accepted criteria for predicting the onset of yielding in ductile metals 
are: 
 
- Tresca’s criterion, which postulates that yielding will occur when 
the largest shear stress reaches a critical value: 
   
kY 231 ==− σσ    (II.3) 
Where Υ is the yield stress in uniaxial tension and k is the yield 
strength in pure shear. 
 
- Von Mises proposed a simple mathematical criterion where 
yielding will occur when the second invariant J2 of the stress deviator 
exceeds a critical value. Later this criterion was given a physical 
meaning, because it is equivalent to assume that yielding occurs when 
the distortion energy reaches a critical value: 
2k
6
2)13(2)32(2)21(2J =
σ−σ+σ−σ+σ−σ
=   (II.4a) 
and further: 
2k62Y22)13(2)32(2)21( ==σ−σ+σ−σ+σ−σ  (II.4b) 
 
Where again Υ is the yield stress in uniaxial tension and k is the yield 
strength in pure shear. 
 
II.1.3 Dislocations and plasticity 
 
A dislocation is a linear lattice defect that is responsible for most of 
the aspects of plastic deformation in metals and other crystalline 
materials. Taylor, Orowan and Polanyi proposed the dislocations 
concept in 1934 [2,3] they claimed that plastic deformation is due to 
the motion of a large number of dislocations. The resistance to plastic 
deformation is dependent on the number of mobile dislocations and on 
the efficiency of the strengthening mechanisms in the metal, which 
reduce the mobility of the dislocations. Most crystalline materials, 
especially metals, have an appreciable concentration of dislocations 
from the beginning of their solidification. During their further 
thermomechanical history, this concentration is changing 
continuously. In their final formed state they may have dislocation 
concentrations up to 1012 cm-2, mainly as a result of the stresses 
(mechanical or thermal) and corresponding strains that are associated 
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to the used forming process. The number of dislocations increases 
dramatically during plastic deformation: they generate from existing 
dislocations, grain boundaries and surfaces. During heat treatments 
like annealing, the concentration may be lowered again and in a soft 
annealed material a concentration density           of 106 cm-2 is typical. 
 
In every single crystal (grain), of a polycrystalline aggregate, 
dislocations move in particular crystallographic directions on 
particular crystallographic planes, the combinations of them are called 
slip systems and the dislocations move in response to the shear 
stresses applied along these planes and directions. 
 
To produce plastic deformation in a single crystal, the stresses acting 
on the slip system must reach a critical value corresponding with the 
so-called critical resolved shear stress (CRSS), which can be 
calculated from the normal stress  = P/A, but corrected for the 
crystallographic orientations of the normal on the slip plane and for 
the slip direction. Figure II.1 shows how to compute the critical 
resolved shear stress, leading to the following expression: 
 
 coscosyCRSS =      (II.5) 
 
Figure II.1:  Representation of a slip system in a single crystal and the  
                parameters used to calculate the critical resolved shear stress 
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In polycrystalline materials the orientation of the shear stresses and 
the angles they make with the slip directions vary from crystal to 
crystal: this is reflected by the fact that some grains are unfavourably 
oriented with respect to the applied stress. Dislocations cannot easily 
cross grain boundaries because of changes in direction of slip plane 
and disorder at grain boundaries. The ability of a metal to deform 
plastically depends on the ability of dislocations to move. The 
restriction of dislocations motion strengthens the material but reduces 
the ductility.  
 
II.1.4 Strengthening mechanisms 
 
Single phase metallic materials 
 
Grain size reduction (grain refinement), solid solution alloying and 
strain hardening are the principal mechanisms responsible for the 
increase in strength of single phase metals. As the grain boundaries 
constitute a barrier to the dislocation movement, the reduction in grain 
size increases the area of the grain boundaries that impede dislocations 
motion and improve the resistance of the material to a plastic 
deformation (and accordingly the hardness). Although most 
strengthening (or hardening) mechanisms reduce the toughness of the 
material, the grain refinement both increases hardness and toughness. 
 
The yield strength of an alloy is strongly related to its grain size 
according to the Hall-Petch equation [3]: 
d
K y
oy += σσ     (II.6) 
Where σo and Ky are material constants and d is the average grain 
diameter.  
 
The mean grain size d of a material can be controlled by different 
procedures, like: 
 
- controlling the nucleation during solidification (e.g. inoculating) 
- the degree of plastic deformation and subsequent annealing 
 (recrystallization) 
- appropriate heat treatments (e.g. normalizing a steel). 
 
Beside grain size reduction, the addition of alloying elements may 
considerably strengthen metallic materials, making them stronger than 
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in their pure state. Interstitial or substitutional impurities or intentional 
additions in a solid solution provoke a lattice strain and an interaction 
with the dislocation strain fields, hindering their motion. Additionally, 
these impurities tend to diffuse and segregate around the dislocation 
core to find atomic sites more suited to their radii. This reduces the 
overall strain energy of the dislocation and partially anchors them, 
causing special phenomena like the yield point phenomenon and strain 
aging. 
 
Finally, the increase of dislocation density during the plastic 
deformation at temperatures well below the melting point, below the 
recrystallization temperature, further strengthens the ductile metals by 
the process of so-called strain hardening. The average distance 
between dislocations decreases, there are interactions between 
dislocations, leading to sessile elements (not able to move) and these 
starts hindering and finally blocking the motion of the glissile 
dislocations. 
 
 Multiphase metallic materials 
 
Strengthening by means of the precipitation of fine particles is a 
common procedure, very often used for aluminium alloys. It can be 
achieved in many alloy systems where a second phase appears during 
cooling of a solid solution with strong temperature dependence of its 
solubility. This kind of strengthening mechanism is called 
precipitation hardening and is produced by the following heat 
treatment: first a solution treatment (e.g. at 480°C-580°C for some 
aluminium alloys) in order to dissolve completely the alloying 
elements in the matrix, followed by a fast cooling (quenching) to 
obtain a supersaturated solid solution. This solution is not 
thermodynamically stable and a precipitation will occur with a 
reaction rate depending on the alloying system. If this precipitation 
occurs at room temperature, the process is called natural aging, while 
the same process occurring at slightly higher temperatures is called 
artificial aging (e.g. 160°C-200°C for aluminium). Figure II.2 shows 
in a schematic diagram a typical heat treatment cycle used for 
precipitation hardening.  
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Figure II.2: General heat treatment cycle for artificial aging 
 
The size and distribution of the precipitates are key factors for the 
efficiency of these obstacles to hinder the motion of dislocations. At 
the beginning of the aging process, very small and coherent particles 
are formed, which can be cut by the moving dislocations. The larger 
these particles, the stronger the interaction and hardening effect that is 
obtained. Nevertheless, further growing is often only possible when 
the coherency is lost, but in that case the dislocations cannot cut the 
particles anymore, they are forced to bow between them. The more the 
particles are growing in this stage, the larger the distance between 
them gets and the easier the dislocations can bow between the 
obstacles. This explains why a maximum hardness (or strengthening) 
is obtained for a combination of aging time and temperature. Fig. II.3 
gives a schematic representation of the strengthening mechanisms as a 
function of aging time for a given aging temperature. 
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Figure II.3:  Interaction between precipitates and dislocations  
at different aging stages 
 
II.1.5 Temperature effect during metal working 
Forming processes are commonly classified into hot or cold working 
operations. Hot working is defined as deformation under conditions of 
temperature and strain rate such that recovery processes take place 
simultaneously with the deformation, so that the strain hardening is 
eliminated immediately and hot working can continue almost 
indefinitely. On the other hand, cold working deformation is carried 
out under conditions where recovery processes are not effective, 
which leads to a continuous strain hardening and finally to a fracture 
of the material due to a lack of ductility. During hot working the strain 
hardening effect and the distorted grain structure produced by the 
deformation are very rapidly eliminated by mechanisms like the 
annihilation of dislocations through dislocation climb (governed by a 
diffusion process requiring sufficient temperature), formation of strain 
relaxed grains and dislocation free zones or subgrains as a result of 
recrystallization and/or recovery processes. Under these conditions, 
hot working occurs at an essentially constant flow stress, which 
after before 
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decreases with increasing temperature. Evidently, the deformation 
energy is much less for hot working than for cold working. 
 
The distinction between hot and cold working is not a function of an 
arbitrary deformation temperature: a hot working operation must be 
carried out at a relatively high temperature to obtain a high rate of 
recrystallization , which is usually above half the value of the melting 
point in absolute degrees.  
 
The temperature of the work piece during metalworking has to be 
controlled and measured accurately. This is always a technical 
challenge because it depends strongly on a series of effects: 
 
- the initial temperature of the tools and the material,  
- the heat generation during the plastic deformation, 
- the heat generated by friction at the die-material interface,  
- the heat transfer between the deforming material, the dies and  
       the surrounding environment. 
 
II.2 Mechanical testing techniques 
 
The industrial application of any material requires a good knowledge 
of its mechanical and physical properties. A number of mechanical 
testing techniques have been developed in order to achieve this goal, 
such as tension, torsion and compression tests. These tests deliver the 
response of the material to the applied load for different conditions of 
strain, deformation rate and temperature. 
 
II.2.1 Tension test 
The engineering tension test is widely used to provide basic design 
information on the strength of materials and it is the most accepted 
test for materials specification. In the tension test, a specimen is 
subjected to a continually increasing uniaxial tensile force while a 
simultaneous recording of the elongation of the specimen is made. As 
the force continues to pull the material, it elongates until it breaks, 
giving a complete stress-strain curve where the point at which the 
maximum load occurs determines the ultimate tensile strength of the 
material. The initial linear region of the strain-stress curve follows 
Hooke’s law where the ratio of the stress to strain is constant and 
corresponds to the so-called modulus of elasticity or Young’s 
Modulus E, which is a measure of the stiffness of the material. Figure 
II.4 shows the different stages during a tensile test. 
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Figure II.4:  The tension test and phenomena occurring during the test 
 
 
II.2.2 Torsion test 
A torsion test is conducted on most materials to determine the shear 
properties of a material. Many products and components are subjected 
to shear forces during their operation. By testing these products in 
torsion, manufacturers are able to simulate real life service conditions. 
Torsion tests can be performed by applying only a rotational motion 
or by applying both axial (tension or compression) and torsional 
forces.  
 
Hot torsion testing is used worldwide to physically model hot 
deformation processes, offering the capability to apply large amounts 
of strain at high strain rates during the test. With the advantage of 
achieving large strains in torsion testing, a multiple deformation 
simulation can be conducted as long as the specimen is ductile enough 
to complete the test. The hot torsion test is very often used to simulate 
the behaviour of the material during hot rolling, where up to 10 
deformation steps can be applied at a high strain rate and in a short 
time interval. However, the cylindrical shape of the specimen presents 
the large disadvantage of a heterogeneous distribution of the strain 
over the diameter of the sample, making calculations and 
metallographic characterization very difficult. In the present work, no 
torsion tests were used to investigate the deformation behaviour of the 
studied aluminium alloys. 
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II.2.3 Flat rolling 
Although flat rolling is not a material testing method as such, it is 
shortly described here in order to compare the process with other 
mechanical testing techniques (in the group of the compression tests), 
which are often used for the simulation of hot rolling. 
 
The process of plastically deforming metal by passing it between rolls 
is known as rolling. In deforming metal between rolls, the material is 
subjected to high compressive stresses from the squeezing action of 
the rolls and to surface shear stresses as a result of the friction 
between rolls and metal. The frictional forces are also responsible for 
drawing the metal between the rolls. The main purpose of rolling 
theory is to determine the pressure distribution at the interfaces 
between the work rolls and the rolled metal. The principal parameters 
that affect the pressure distribution are the geometry of the 
deformation zone and the friction at the interface between work roll 
and metal. The typical flat rolling of plates, sheets or strips is 
essentially a plane strain operation, since little lateral expansion of the 
work-piece results. The projected arc of contact (L) between rolls and 
work-piece is usually much smaller than the width of the sheet. 
 
 
 
Figure II.5: Dimensional relations in the roll gap 
 
ho hf 
R 
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L 
∆h / 2 
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Consider the roll-gap geometry in figure II.5, where R is the roll 
radius, ∆h = ho – hf is the reduction in thickness, L is the projected 
contact length [4]. 
It is seen that:   
2
2
h
-R-R²L2 





=
               (II.7a) 
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2
h(-hRL ∆∆=                (II.7b) 
 
For infinitesimal small values of h/2 equation (II.7b) reduces to: 
 
hRL ≈     (II.8) 
 
The frictional effects are similar to those in plane strain compression, 
in fact, if the roll curvature is neglected, the material in the roll gap 
can be considered as being under plane strain compression. The 
average roll pressure P is given by: 
1)h
L
exp(
L
hP 





−=
  (II.9) 
 
where µ is the friction coefficient,  σo = (σ1 + σ2)/2 and σ1 and σ2 are 
the flow stresses at the entrance and at the exit of the roll gap.  
  
II.2.4 Compression tests 
 
II.2.4.1 Axisymmetric Compression testing (ASC) 
A true-stress-true-strain curve can be determined from the data 
obtained in the tension test, using the formula described at the 
beginning of the present chapter. These formulas can only be used 
until necking begins, which happens at the point of maximum load 
(corresponding to the ultimate tensile strength) and at the same time 
corresponds to the end of the uniform deformation. In most cases, no 
uniform true strain higher than 0.5 can be obtained in a tension test. 
This effect is particularly severe in hot working, where the low rate of 
strain hardening causes necking already to occur at a true strain of 
around 0.1. The formation of a necked region in tension specimens 
introduces a complex stress state and locally raises the strain rate by a 
factor of 10 to 20 [5]. This shows that the use of tension tests to study 
the flat rolling process, where very large uniform deformations are 
obtained, is not feasible. 
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The compression of a short cylinder between anvils is a much better 
test for measuring the flow stress in metalworking applications 
because there is no problem with necking and the test can be carried 
out to strains in excess of 2.0 if the material is ductile. However, 
friction between the specimen and the anvils can lead to difficulties 
unless it is controlled. In the homogeneous upset test, a cylinder of a 
diameter Do and initial height ho would be compressed in height to h 
and spread out in diameter to D according to the law of constancy of 
volume during plastic deformation (figure. II.6): 
 
D²hhD 0
2
0 =     (II.10) 
 
 
Figure II.6: Axisymmetric compression 
 
During deformation, as the metal spreads over the compression anvils 
to increase its diameter, frictional forces will oppose the outward flow 
of metal. This frictional resistance occurs in the part of the specimen 
in contact with the anvils, while the specimen at mid-height can flow 
outward undisturbed. This leads to a specimen with barrelled profile 
and a region of undeformed metal is created near the anvil surfaces, 
which causes an increase in force for a given increment of 
deformation. The friction at the specimen interface can be minimized 
by using suitable lubricant such as Teflon® (PTFE, 
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polytetrafluorethylene) for cold deformation and glass for hot 
deformation. With these techniques it is possible to reach a strain of 
about unity with only slight barrelling. The uniaxial force required to 
produce yielding in the absence of friction is: 
 
 F =
    (II.11) 
Where F is the applied compressive force, σ is the stress and A the 
specimen area. The true compressive stress σ produced by this force 
is: 
 
D²
F4

 =    (II.12) 
The constancy of the volume leads to: 
0
 2
0 hD
Fh4

 =    (II.13) 
Where Do and ho are the initial diameter and height, and h is the height 
of the cylindrical sample at any instant during compression.  
 
The true compressive strain is given by: 
 
h
hln
h  
hln 0
0
c =−=    (II.14) 
 
II.2.4.2 Plane strain compression test 
Industry and academia need repeatable and reproducible hot flow 
stress test data for modelling, for process deformation strategies and 
for correlation with microstructural evolution studies. Plane strain 
compression testing was first proposed by Orowan (1943) as a 
modified compression test that could possibly simulate material flow 
behaviour experienced during rolling. Plane strain compression testing 
has since been used to determine the true yield stress of a material 
compressed between smooth parallel dies [5, 6]. 
 
Some investigations have been undertaken to compare results between 
different laboratories using different designs of plane strain 
compression testing machines, but standardizing the main testing 
parameters [7, 8]. The technique is especially employed to generate 
material properties data under conditions and constraints similar to 
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those encountered in plate and strip rolling. The frictional forces 
between the anvils and the test-piece surfaces depend upon the type of 
lubricant as well as upon the surface conditions of the tools and the 
reheating conditions used. Figure II.7 shows a schematic diagram of a 
plane strain compression test, with a test plate of width b, length l and 
thickness h. The tools have a width w and a length L. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.7 : Plane strain compression test 
 
 
In order to assure plane strain conditions, the following requirements 
must be satisfied: 
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Thickness σ3, ε3                               
Length σ1, ε1                               
Width  σ2, ε2                           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.8: Schematic illustration of the relative orientation of 
stress and strain axes in a PSC test-piece 
 
The equivalent true strain (Fig. II.18) is given by: 
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Assuming ideal plane strain condition, i.e. ε1 = - ε3 and ε2 = 0; then: 
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However, accounting for lateral spread, ε3 = ln(ho/h),  = ln(b/bo), and  
ε1 = - ε3  - ε2 ; the equivalent strain becomes:   
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2
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Where bo and b are the test-piece breadth before and during 
deformation; and ho and h are the height before and during testing.  
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Figure II.9: Essentials for slab force balance 
 
Figure II.9 illustrates the plane strain compression of  a block, where h 
< b and sliding friction with a constant friction coefficient (µ) that 
prevails at the interface. A force balance on the slab in the x direction 
is given by: 
 
0)hd(-Pdx2h xxx =++    (II.18a) 
eq. (II.18a) can be reduced to: 
xhdPdx2  =    (II.18b) 
σx and  σx  are considered to be principal stresses and are taken as –P. 
 
For plane strain compression, both Von Mises and Tresca criteria 
give: 
 
σx - σy  = 2k = σx – (-P)   (II.19a) 
 
dσx =  -dP   (II.19b) 
 
The equation (II.18b) becomes: 
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                                P                 P  
                                      
                                          µ P 
 
 
                                 y 
 
 σx                 x      dx  σx  + dσx                                                      
                                                                                                                      x                                            
 
 
      
                                     µ P  
                               
                               P                  P 
b 
h 
 34
dx
h
2
P
dP 
=    (II.21) 
At x = 0, σx = 0 and  P = 2k. 
Integrating:  
h
x2
2k
PLn =    (II.22) 
Leads to:  )=
h
x2
exp(
2k
P 
  (II.23) 
Eq. II.23 is valid from the surface (x = 0) to the centreline (x = b/2) 
where P reaches a maximum value:  
)=)(
h
b
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
  (II.24) 
II.3 Constitutive equations 
 
Many constitutive equations have been developed to describe the 
behaviour of materials under dynamic loading. Some of these models 
describe only the behaviour of the yield stress with strain rate changes, 
whilst others describe strain and strain rate hardening effects without 
softening effects. It is necessary to formulate an accurate constitutive 
relationship that describes the material behaviour over a range of 
strains, strain rates and temperature. Most common formulations are 
derived from the power relationship proposed by Lüdwik in 1909 [9]: 
n
0 k ⋅+=   (II.25) 
Where  and  are, respectively, the instantaneous values of the true 
stress and the true strain. o is the yield stress, K is the strength 
coefficient and n is the strain-hardening exponent.  
 
Other authors [10, 11] modified Eq. (II.25) to obtain a better 
correlation with experimental data. The fit of power relationships such 
as that given by Eq. (II.25) is good enough within limited ranges of 
strain, since these equations tend to underestimate the stress at strains 
close to the yielding point and to overestimate the stress at high 
strains. A better prediction of strength at high levels of strain can be 
obtained by means of the exponential equation proposed by Voce 
[12]: 
)Cexp()( 0ss ε−σ−σ−σ=σ  (II.26) 
Where s is the steady state stress and C is a constant. 
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In order to accomplish the primary objective of determining the 
functional dependence of the flow stress with the strain applied, the rate 
of straining and the deformation temperature, it would only be necessary 
to find an appropriate relationship among the different constants 
involved in Voce’s equation and the deformation conditions. An 
appropriate approach employed in the solution of this problem has 
already been put forward by Kocks [13] in relation to the temperature 
and strain rate dependence of the steady state flow stress σs. This 
formalism has also been extended to deal with the initial flow stress σo in 
the description of the constitutive equation of commercial purity 
aluminium deformed under hot working conditions [14]. 
 
 The combined effect of temperature and strain rate on the flow stress 
of different metals and alloys deformed under hot working conditions 
has traditionally been described by a constitutive equation including 
an Arrhenius term. The function relating stress and strain rate is 
generally the hyperbolic sine since the power and exponential laws 
lose linearity at high and low stresses, respectively: 
))([=
.
RT
Q
exp(-]sinh n     (II.27) 
Where A is a pre-exponential factor, α and n are strain sensitivity 
parameters of the strain rate; Q is an apparent activation energy in the 
rate equations; T is the temperature and R is the gas constant.  
 
The preceding rate equation is usually expressed in terms of widely 
used temperature-compensated strain rate parameter known as the 
Zener-Hollomon parameter: 
)=
.
RT
Q
exp(Z    (II.28) 
Z allows for a linear correlation of flow stress data over a wide range 
of temperatures and strain rates. 
 
II.4 Deformation texture in fcc materials 
 
The orientation changes that take place during deformation are not 
random. They are a consequence of the fact that deformation occurs 
on the most favourable oriented slip or twinning systems and it 
follows that the deformed metal acquires a preferred orientation or 
texture. If the metal is subsequently recrystallized, nucleation occurs 
preferentially in association with specific features of the 
microstructure, i.e. with regions of particular orientation. The ability 
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of the nucleus to grow is determined primarily by the orientations of 
adjacent regions in the microstructure. Together these features, 
nucleation and growth, ensure that a texture develops in the 
recrystallized material. Such textures are called recrystallization 
textures to distinguish them from the related but quit different 
deformation texture from which they develop. The deformation 
textures of fcc metals are determined primarily by the stacking fault 
energy γSFE. Metals with high γSFE, such as aluminium (~ 170 mJm-2) 
and copper (= ~ 80 mJm-2) deform by slip and develop rolling textures 
like the one given in table II.1. 
 
A typical way of representing textures in fcc metals is by using 
orientation distribution functions (ODFs) and in particularly the 
sections where the Euler angle, φ2 , takes constant values from 0° to 
90°, whereas the other Euler angles, φ1 and Φ, vary from 0° to 90°.  
 
Table II.1: Texture components in rolled fcc metals 
Components, symbol {hkl} <uvw> φ1 Φ φ2 
Copper, C 112 111 90° 35° 45° 
S 123 634 59° 37° 63° 
Goss, G 011 100 0° 45° 90° 
Brass, B 011 211 35° 45° 90° 
Cube, Cu 001 100 0° 0° 0° 
P 011 122 70° 45° 0° 
 
Aluminium and its alloys exhibit rolling textures which qualitatively 
look similar to each other. They essentially consist of the β-fibre 
running from the Copper orientation (C) over the “S” orientation to 
the Brass orientation (B) (fig. II.10). Quantitatively, there are marked 
differences between the various rolling textures as well as the 
corresponding microstructures which both depend on the alloy, on the 
pre-treatment (e.g. precipitation state) and on the degree of 
deformation. 
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Figure II. 10: Plots of important fibres in fcc materials 
(Hirsch and Lucke 1988 [17]) 
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CHAPTER III 
 
EXPERIMENTAL PROCEDURE 
 
III.1 Principal Testing System  
 
III.1.1 Ghent Forging Simulation System (GFSS) 
 
The Department of Metallurgy and Materials Science (DM²S) at 
Ghent University is equipped with a servo-hydraulic computer 
controlled high strain rate compression testing machine, further called 
the “Ghent forging simulation system” GFSS (Fig. III.1). This is a 
high performance compression testing machine specifically developed 
by the MTS company for this application and purchased by the DM²S 
with a funding of the FWO. 
 
The equipment is described in the following paragraphs and is 
basically able to deform various materials using: 
- two actuators (hammer and anvil), the movements of which 
can  
be controlled in different modes, 
- eight upset testing channels to store real-time data. 
 
 
 
 
 
 
 
 
 
 
 
 
Hammer 
Anvil 
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Figure III.1: Ghent forging simulation system GFSS 
Different types of tests can be performed by this simulator such as: 
 
- Compression tests. 
- Metal forming simulations. 
-  Relaxation tests. 
 
The strain rate can be kept constant by the automatic control of the 
speed as a function of the displacement: 
 
  
h
v
dt
dh
h
1
dt
d.
 ===     (III.1) 
Where 
.
  is the strain rate, ε the true strain, h the height of the 
specimen, v the speed of the actuator and t the time.
 
 
The test system uses the principle of closed-loop control to apply forces 
to the test specimen. Closed loop control is a basic servomechanism 
concept to control a test, in which a controlling element gives an order 
to a controlled element (Fig. III.2). 
 
In the system, the controlling elements are the computer, the digital 
controller and proprietary software (TestStar/TestWare-SX). The 
controlling elements produce a control signal (Command) that 
indicates the direction, the speed and the amount of force that the 
actuator should apply to the specimen. 
 
 
 
 
 
 
 
 
 
Figure III.2: Closed loop control system 
 
The controlled elements usually involve the servo-valve, the hydraulic 
actuator and the specimen itself. The controlled elements apply the 
required force (feedback) to the specimen that reacts to it. The 
Controlled element Controlling Element 
        Feedback 
 Command 
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feedback is the response from one of various sensors that indicates 
how the controlled elements respond.  
 
The GFSS is used in this work to deform according to two different 
deformation modes: plane strain compression (PSC) and axisymmetric 
compression (ASC). Whereas the PSC mode of deformation is 
important for the simulation of the deformation of flat products 
(rolling process), the ASC is normally used for the physical 
simulation of long products like rails, beams, and forgings. It is 
important to mention that the equipment is able to carry out tests over 
a wide range of constant true strain rates, up to 120 s-1 for full 
thickness specimens. Testing at these high strain rates is crucial to 
understand the evolution of microstructure during processes such as 
strip rolling. The servo-hydraulic machine was designed to maintain a 
constant strain rate in the range 0.01–100 s−1 by controlling the 
displacement of both anvil and hammer. To be deformed, the 
specimen is placed between a parallel set of flat tool dies, the zero 
position for both actuators is set prior to computing the time–distance 
trajectories to be followed during deformation. Figure III.3 gives a 
schematic diagram that shows how the test is conducted in the 
machine.
 
Figure III.3: Schematic diagram of the testing procedure 
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The specimen, with or without lubricant, is placed on top of the anvil 
to set the zero position for the system (Fig. III.3a, dashed line). The 
test starts by displacing the anvil and hammer to pre-calculated 
positions (Fig. III.3b). The speed of the hammer is controlled by the 
computer to produce a constant strain rate profile (Fig. III.3c). The 
anvil is able to follow the displacement of the hammer at high strain 
rates to control the final strain. The set of tools return to their original 
(zero) positions once the test is finished (Fig. III.3d). One problem 
normally encountered in high strain rate testing is the inertia of the 
moving ram, since the computer will be able to predict and describe 
this trajectory, but may not be able to stop it. Such a problem is solved 
by the use of two actuators that move in a synchronised way. 
 
Figure III.4: Distance-time paths followed by the different actuators 
and tool gap opening during compression at two different strain rates 
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Figure III.5: Examples of load-time curves during testing at two 
strain rates 
 
Figure III.4 shows an example of the displacements followed by the 
actuators as measured for tests conducted at strain rates of 0.1 and 10 
s−1, as often encountered in single actuator machines. The curves C 
and F correspond to the instantaneous distance between hammer (with 
a displacement shown by A and D) and anvil (with a displacement 
shown by B and E) as a result of their relative movement. Such paths 
are required to avoid inertial and acceleration effects normally 
encountered in single actuator machines. Figure III.5 shows examples 
of the load–time curves measured for specimens tested at the above 
mentioned rates. 
 
III.1.2 Friction effect during compression tests 
 
A series of compression tests was conducted using the GFSS to 
deduce the constitutive equations that describe the behaviour of 
commercial purity aluminium deformed at room temperature over a 
wide range of strain rates and under different friction conditions [1]. 
All the tests were performed at constant strain rates up to an 
equivalent strain close to 1. The load/displacement curves were 
converted into stress–strain curves taking into account different 
friction coefficients. 
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The specimens used in this preliminary work had a cylindrical shape 
with 20 mm in diameter by 30 mm in height and were machined from 
commercial purity hot-rolled aluminium plate (0.0005 Mg, 0.11 Si, 
0.004 Zn, 0.51 Fe, 0.003 Mn, 0.12 Cu, in wt.%). The trials were of the 
simple axisymmetric compression kind (ASC). The samples were 
tested using either 0.1 mm thick polytetrafluorethylene (PTFE) tape or 
mineral oil as lubricant, or without any lubricant at all to allow for 
different frictional conditions at the specimen–tooling interface. The 
stress–strain curves corrected for friction can be computed assuming 
that the pressure distribution follows a symmetrical friction hill [2, 3]. 
The method used to calculate the ratio of the pressure (p) over the 
stress for yielding considers sliding, sticking and mixed conditions.  
The ratio of pressure over stress (p/) for pure sliding conditions is 
given by (Ref. [4,5], Ch. II):  
[ ]1-q-exp(q)2q
2

p
=    (III.2) 
Where   
h
d
q =    (III.3) 
Where µ is the friction coefficient and d and h are the instantaneous 
diameter and height of the sample, respectively. Pure sliding 
conditions will remain as long as the ratio of diameter over height 
remains below the following relationship: 
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Sticking conditions are considered to occur when µ is equal to or 
greater than 0.577, yielding to a ratio of pressure over stress given by: 
 
3h
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   (III.5) 
 
Mixed, sliding and sticking conditions are calculated by: 
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   (III.7) 
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III.2 Aluminium alloys under study 
 
III.2.1 Heat treatable aluminium alloys 
 
Al-Mg-Si alloys (6xxx series) have been studied extensively because 
of their technological importance and their exceptional increase in 
strength obtained by precipitation hardening. The alloy AA6082 is 
optimised to be the strongest alloy in the group, with only minor 
drawbacks in its other properties. The content of Si and Mg are in the 
range of 0.5 – 1 wt%, usually with a Si/Mg ratio larger than 1. 
Historically, such alloy is said to have excess Si relative to Mg2Si, due 
to the presumption that the hardening phase β” has this composition 
[5], The AA6082 alloy under this study has the following 
composition: 1.03 %Si, 0.9 %Mg, 0.8 %Mn, 0.37 %Fe, 0.058 %Cu, in 
weight.  
 
III.2.2. Non heat treatable aluminium alloys 
 
The Al-Mg-Mn alloys (5xxx series) provide a combination of high 
formability and high strength achieved by solid solution hardening, 
which can be enhanced by deformation due to a characteristically high 
strain hardening behaviour. The AA5083 alloy studied in this work 
has the following composition: 4.03% Mg; 0.48% Mn; 0.21% Si; 
0.26% Fe; 0.15% Cu, in weight. 
 
III.2.3 Commercial pure aluminium  
 
Commercial pure aluminium (1xxx series) is characterized by an 
excellent corrosion resistance, a high thermal and electrical 
conductivities, low mechanical properties and excellent workability. 
Moderate increases in strength may be obtained by strain hardening. 
Iron and silicon are the major impurities. The alloy AA1050 under 
study has the following composition: 0.05% Mg; 0.05% Mn; 0.25% 
Si; 0.4% Fe; 0.05% Cu; in weight.  
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III.3 Testing techniques 
 
III.3.1 Compression tests 
 
A series of axisymmetric and plane strain compression tests were 
performed on the selected commercial alloys: AA1050, AA5083 and 
AA6082. The samples, for axisymmetric compression (ASC), were 
machined from plates into cylinders of 15 mm height and 10 mm 
diameter with their axes normal to the rolling and the transversal 
directions to follow the axial load of rolling. 
 
 The plane strain compression (PSC) samples were also machined 
from the same sheets, as for uniaxial compression, to plates with a 
length of 70 mm, a width of 60mm and a thickness of 5 mm, and were 
cut in a way that the tooling will be parallel to the axis of the rolling 
rolls. The tools were 10 mm width; all the tests were conducted in the 
GFSS. 
 
 
Figure III.6: Geometry of the sample for plane strain compression 
 
The tests were conducted at room temperature, at 300°C and 400°C, 
and at strain rates of 0.1, 1 and 10 s-1. The temperature was controlled 
by inserting a thermocouple into the samples, which were heated a 
few degrees above the temperature of interest and brought as fast as 
possible under the tools in order to minimize the heat losses during the 
transfer from the furnace to the machine. Oil was used as lubricant 
during compression at room temperature, whereas boron nitride was 
used at high temperature. In all cases the friction coefficient was 
70mm 
ND 
RD 
5mm 
P 
60mm 
 47
found to lay between 0.1 and 0.15. The load displacement data for the 
ASC as well as for the PSC were converted into stress-strain curves 
after being corrected for origin and machine compliance, taking into 
account the nature of each deformation mode and assuming constancy 
of volume and a constant value of the friction coefficient at the 
specimen-tooling interface. 
 
III.3.2 Laboratory flat rolling tests 
 
The rolling tests on AA5083 and AA6082 alloys were made on 
samples cut from the same plates as for compression, with 15 mm 
thickness, 65 mm width and 120 mm length. The rolling equipment 
was a laboratory Carl Wezel Rolling Mill with 320 mm diameter rolls. 
The sheets were reduced to 50% in 7 passes at room temperature (RT) 
and in one pass at high temperature.  
 
Figure III.7: Geometry of the sample for flat rolling 
 
III.3.3 Tests concerning precipitation hardened AA6082 
 
 III.3.3.1 Aging processe and hardness tests 
 
A number of cylindrical samples of the commercial AA6082 were 
solution heat treated (SHT) at 560°C during two hours. Half of the 
samples were cooled in air (AC samples) and the other half was 
quenched in water (WQ samples). Both saturated solid solutions were 
artificially aged at 170°C for different periods of time to study the 
aging behaviour. After artificial aging, the Vickers hardness was 
measured using a hardness-tester Zwick / Roell AG of type 3112.  
 
TD 
RD 
120 mm 
ND 
15 mm 
65 mm 
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In order to study the effect of the natural aging on the workability of 
AA6082, some AC and WQ samples were kept at RT during 6 
months, and artificially aged at 170°C for 48h.  
 
III.3.3.2 Uniaxial compression of AA6082 aged to different precipitation 
stages  
 
Uniaxial compression tests were performed on the WQ and AC 
samples as well as on samples aged for 48 hours and 5 days. The tests 
were conducted in the GFSS, and were carried out at room 
temperature (RT), 50°C and 100°C, and at strain rates of 10-2  s-1, 10-1 
s-1, 1 and 10 s-1 up to a true strain of 1. The load displacement data 
were converted into stress-strain curves after being corrected for 
origin and machine stiffness assuming a constant value of friction at 
the specimen-tooling interface. For naturally aged samples, the 
uniaxial compression tests were carried out at RT and 100°C, and 
strain rate of 0.01s-1 and 1s-1.  
 
TEM analysis was done in a Philips EM420 microscope operating at 
220 kV. The specimens were prepared by conventional electro-
polishing with A2-1 agent (730 ml ethanol, 100 ml butyl-cello-solve, 
78 ml perchloric acid and 90 ml distilled water) operating at 48V and 
temperature of 5°C during 20 s. 
 
III.3.3.3. Texture analysis of AA6082 after plain strain compression 
 
In order to analyse the effect of the deformation on the texture of 
AA6082 before and after the aging process, plates of 70 mm length, 
60 mm width and 7.5 mm height, machined from the original plate of 
the commercial AA6082, were SHT at 560°C and water quenched. 
Some of these samples were artificially aged, for 48h and for 5 days, 
before being tested in plane strain compression, and the rest were 
artificially aged after being deformed in plane strain compression. The 
plane strain compression tests were conducted at RT and strain rate of 
1 s-1. Deformation was performed to 15 %, 30 % and 60% reduction in 
height at a strain rate of 1 s-1.  
 
The texture was analysed qualitatively and quantitatively by means of 
orientation image microscopy (OIM), which is used in combination 
with SEM for a semi-quantitative evaluation. The deformed sample was 
cut in a direction normal to the compression axis, in a way that the 
observation plan was parallel to the compression plan. The orientation 
data were post processed by means of TSL ® software and the Image 
Quality factor (IQ) as well as the distribution of the rotation angle 
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boundaries were used as a characteristic of the accumulated deformation. 
The higher value of the IQ factor is an indication of a high contrast in 
Kikuchi pattern. Such better contrast is associated to a perfect 
(undistorted and clear from dislocations) crystal lattice. The OIM 
attachment was installed on a Philips XL30 ESEM microscope with a 
LaB6 filament. The specimens for OIM were prepared according to the 
classical procedure (mechanical grinding and polishing up to a 1 µm 
diamond paste) followed by electrolytic polishing by A2-1 Struers®  
agent during 15 seconds at a temperature of 25°C and voltage of 40 
volts. The OIM scans were collected in a section perpendicular to 
normal direction (ND). For microscopic analysis and texture 
examination, the observation plan was taking normal to the 
compression plan (fig. III.8). 
 
 
Figure III.8: Observation plan for texture analysis after  
plane strain compression 
 
III.3.4 Tests concerning the behaviour of AA5083  
 
III.3.4.1 Study of the dynamic strain aging 
 
In order to study dynamic strain aging in AA5083 and the effect of 
cooling rate, a series of uniaxial compression tests were carried out in 
the GFSS at different temperatures and strain rates. A number of 
cylindrical samples of 15 mm high and 10 mm diameter machined 
from commercial plates of wrought AA5083 were heat treated at 
560°C for 2 hours. Half were AC and the other half were WQ. ASC 
tests were conducted at RT, 150°C, 300°C and 450°C, and strain rates 
of 0.01, 0.1 and 1s-1. To reduce the friction effects, machine oil was 
70 mm 
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used as lubricant during the compression at RT, and boron nitride at 
high temperatures.  
 
III.3.4.2 Texture of compressed and annealed AA5083  
 
The grain orientation plays an important role in the mechanical 
characteristics (formability, strength) of an industrial product. In this 
context, it was interesting to study the effect of annealing temperature 
on the texture of AA5083 after plane strain compression at RT. For 
this reason, plates of 70 mm long, 60 mm width and 7 mm high were 
machined from the original plates of AA5083. The samples were heat 
treated at 560°C for 2h, half of them was cooled in air, whereas the 
other half was quenched in water to RT. PSC was carried out at room 
temperature and strain rate of 1 s-1. The samples underwent 
deformations of 15 %, 30 % and 60 % before being annealed, at 
150°C, 300°C and 450°C for 2 hours. The texture was studied 
qualitatively and quantitatively by means of orientation image 
microscopy (OIM).  
 
III.3.5 Dynamic micro-hardness testing of AA5083 and 
AA6082 
 
Plastic instabilities, as the phenomenon of repeated yielding during 
plastic deformation, have been widely observed and discussed in the 
literature under various names like Portevin-LeChâtelier (PLC) effect, 
serrated yielding, etc. The phenomenon has been most often observed 
on metallic solid solution alloys [7]. The phenomenon, which is 
characterized by a serrated flow behaviour, is associated with the 
thermally activated process of dynamic strain aging, which was 
observed firstly by Portevin-Le Châtelier [8] in Al-Cu and Al-Mg-Si. 
Dynamic strain aging occurs as solute atoms diffuse at a rate 
comparable with the average velocity of mobile dislocations and is 
both temperature and strain rate dependent. It was observed also in 
precipitation strengthened alloys in underaged conditions [9].  
 
In the last decades the PLC-effect has been observed and studied by 
different modes of deformation. This effect has been observed in 
tensile tests on Al-5%Mg [10-12] and on AlMgSi [13], and in torsion 
tests on AlMgSi [14]. The PLC effect is basically understood as an 
intrinsic material property since it is known to arise from the dynamic 
interaction between gliding dislocations and mobile solute atoms. The 
local phenomena are referred to as dynamic strain aging (DSA) and 
may induce macroscopic negative strain rate sensitivity (SRS) on the 
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flow stress (decrease of the flow stress with an increase of the applied 
strain rate). 
 
The first results about the occurrence and the kinematic analysis of 
plastic instabilities in depth sensing micro-hardness testing have been 
reported recently [15, 16]. The indentation method is preferred for the 
relatively small amount of testing material needed and because there 
are no strict requirements for the shape of the samples.  
 
 
 
 
 
 
 
 
 
Figure III.8: Profile of the surface before and after indentation 
 
hmax corresponds to the maximum depth, hf  to the residual depth and 
hc to the contact depth. 
 
The dynamic micro-indentation tests were carried out on some 
samples of AA5083 and AA6082 that showed macroscopic negative 
strain rate sensitivity during compression. The samples were prepared 
in the same way as for SEM analysis. The tests were carried out at 
University Erlangen-Nurenberg using a Nanoindenter XP,  from MTS, 
load controlled. The type used is a three sided pyramidal diamond 
indenter with Berkovich geometry. 
 
The depth sensing indentation technique consists of printing an 
impression on the material surface by applying a known load with an 
indenter of known geometry (Fig. III.8) and subsequently analysing 
the load as a function of the displacement data.  
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CHAPTER IV 
 
MECHANICAL TESTS ON AA1050, AA5083 
and AA6082 
 
 
IV.1 Analysis of the effect of friction on the flow stresses 
of commercial purity aluminium 
 
Figure IV.1 shows the load–displacement and the corresponding 
stress–strain curves on the left and right-hand sides, respectively, for a 
series of commercial pure aluminium specimens tested by 
axisymmetric compression either at a strain rate of 10-1 or 102 s−1, top 
and bottom curves, respectively under different lubrication conditions.  
 
Figure IV.1: Load–displacement and stress–strain curves at 0.1 and 
100 s-1 for specimens tested with different lubrication conditions  
 
It is worth noticing that although some differences among the load–
displacement curves can be appreciated, these disappear once the data 
have been corrected for friction [1-6]. The best agreement was found 
when a constant friction coefficient (µ) of 0.05 was used in samples 
tested with PTFE tape, 0.10 with mineral oil and 0.20 without 
lubrication, which are values close to those reported in compression of 
rings [5]. The stress–strain curves (Fig. IV.1) indicated the adequacy 
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in the treatment of friction, barreling was more noticeable in the 
specimens tested without lubricant than in those in which either oil or 
PTFE tape was used, less barrelling effect always was found in the 
later case.  
 
The variation of the strain rate as a function of strain of specimens 
tested using PTFE tape as lubricant, is shown in Fig. IV.2. This figure 
indicates that the servo-hydraulic system is stable even at a high strain 
rate, and the constancy of the strain rate is maintained during a test up 
to a true strain of 1.  
 
Figure IV.2: Variation of strain rate with respect of strain for a series 
of specimens tested with PTFE tape as lubricant. 
 
IV.2 Mechanical behaviour of the as received commercial  
       wrought aluminium alloys  
 
IV.2.1 Uniaxial and plane strain compression of AA1050, 
AA5083 and AA6082 
 
The flow curves of the three aluminium alloys (AA1050, AA5083 and 
AA6082) deformed to a true strain of 0.8 at room temperature (RT) 
and at strain rate of 1s-1, show different strengthening levels in either 
mode of deformation (Fig.IV.3). AA6082 exhibits the highest flow 
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stress at RT when compared with AA5083 and AA1050 in each 
compression mode.  
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Figure IV.3: Flow stresses of AA1050, AA5083 and AA6082;  
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Figure IV.4 shows the ASC and PSC compression of AA1050 
deformed to a true strain of 0.5 at different temperatures and at a strain 
rate of 10 s-1. The flow stresses decrease markedly with temperature in 
both testing modes. The ASC curves at 300°C and 400°C are saturated 
just after yielding. In PSC the alloy strain hardened, with a higher 
slope observed at 400°C. 
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Figure IV.4: Flow curves of AA1050 at 
.
 = 10 s-1 for different 
temperatures (RT, 300°C and 400°C) 
 
AA5083 deformed in PSC at 300°C exhibited more or less the same 
behaviour as at RT (Fig. IV.5). In ASC steady state stresses are 
obtained at 300°C and 400°C suggesting that the rate of work 
hardening was balanced by thermal softening [7]. 
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Figure IV.5: Flow stresses of AA5083 at 
.

 = 10 s-1 for different 
temperature (RT, 300°C and 400°C) 
 
Figure IV. 6 shows an important decrease of the flow stress of 
AA6082 deformed in ASC and PSC at 300°C and 400°C compared to 
the deformation at RT. in ASC, the steady state stress was reached 
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early at 400°C than at 300°C, whereas in PSC, the curves at 300°C 
and 400°C exhibit slightly higher work hardening.  
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Figure IV.6: Flow stresses of AA6082 at 
.

 = 10 s-1 for different 
temperatures (RT, 300°C and 400°C) 
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IV.2 2 Uniaxial compression and laboratory flat rolling of  
AA5083 and AA6082 
 
IV.2.2.1 Mean flow stress and apparent activation energies 
 
The experimental flow curves of AA5083 and AA6082 deformed in 
uniaxial  
compression at RT, 300°C, 400°C and at 10 s-1, were fitted to the 
equation II.26 (Fig. IV.7 and Fig. IV.8). 
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Figure IV.7: Experimental and fitted flow stresses by eq. II.26 of 
AA5083; (
.
 = 10 s-1) 
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Figure IV.8: Experimental and fitted flow stresses by eq. II.26 of 
AA6082; 
.
  = 10 s-1 
 
The integration of the area under the fitted curves allow the calculation 
of the mean flow stress (MFS) in compression according to the 
following formula:  
 
  
−
=
f
o
d
of
MFS
ε
ε
εσ
εε
σ ..
1
         (IV.2) 
Where εo and εf are the initial and the final true strains. 
 
The MFS for rolling are calculated using the approach proposed by 
Sims [8] and developed by Maccagno and Jonas [9]: 
 
 
QhHRw
P
MFS
.))((.)3/2( 2/1−
=σ    (IV.3) 
 
Where P is the rolling load, w is the width of the sheet, R is the radius 
of the rolling mills, H and h are the initial and the final thickness, 
respectively, and Q is a geometrical factor. 
 
The values of the MFS are used to determine the activation energy for 
hot axisymmetric compression and hot rolling using the parameters 
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calculated by Airod et al. [10]. AA6082 presents the highest values of 
MFS at RT in both deformation modes (Table IV.5), but at higher 
temperatures these values fall by a factor of 3 and 5, respectively for 
300 and 400°C in compression tests. Such a large drop is not observed 
in the AA5083, which maintains a moderate strength during 
deformation at high temperature. Variation of the MFS during rolling 
shows more or less the same behaviour, with the remarks that the 
MFS values are higher in the case of rolling than in compression for 
the same conditions of temperature for both alloys, and that the drop 
in MFS for AA6082 was not as drastic as in the case of hot 
compression. The apparent activation energy values found in 
axisymmetric compression compare well with those reported by 
McQueen et al. [11], with the highest values observed for AA6082. In 
rolling, the effect of higher values of the MFS was reflected in the 
values of the apparent activation energies. 
 
Table IV.5: The calculated values of the MFS and the Activation 
Energies 
AA5083 T°C MFS (MPa) QHw (kJ/mol) 
RT 
300 Compression 
400 
315 
188 
135 
- 
170 
153 
RT 
300 Rolling 
400 
296 
235 
181 
- 
207 
193 
 
AA6082 T°C MFS (MPa) QHw (kJ/mol) 
RT 
300 Compression 
400 
376 
119 
67 
- 
231 
168 
Rolling 
RT 350 
192 
125 
- 
369 
291 
 
 
IV.2.2.2 Comparison of the texture developed after ASC and flat rolling in 
AA5083 and AA6082 
 
Figure IV.9 shows the ϕ2 = 0° sections of the ODF of AA5083 
measured as a function of processing conditions. The texture 
possesses a Cube {100}<001>) component with an intensity of x8 
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random, which is often considered as a characteristic of recrystallized 
FCC metals with medium to high stacking fault energy [12], and a 
Brass ({110}<112>) component with an intensity of x7.5. The Brass 
component vanishes and the Cube texture appears with an intensity of 
x47 after rolling at 300°C (fig. IV.9b). Rolling at 400°C established  
the {100}<001> orientation (x37). 
 
Figure IV.9:  ODF in ϕ 2 = 0° of Euler space of AA5083 ; a) as 
received, b) hot rolled at 300°C,  c) hot rolled at 400°C. 
 
Compression of AA5083 at 300°C gives rise to a rotated Cube 
({001}<110>) component with a maximum intensity of x12.5 
(fig.IV.10a). Compression at 400°C reduces the intensity of the Cube 
component to x4, giving rise to a Brass component with an intensity 
around x5 and a P-{110}<122> orientation component with an 
intensity of x7.8 (fig. IV.10b). 
 
The texture of the as received commercial wrought AA6082 was 
characterized by the presence of a rotated Cube-{001}<320> with an 
intensity of ×13 deviated 10° from the ideal position, and a 
{011}<111> texture component with an intensity of x6, deviated 10° 
from the position of the ideal P texture component (fig. IV.11a). 
 
Figure IV.10:  ODF in ϕ 2 = 0° of Euler space of AA5083  
compressed at: a) 300°C, b) 400°C 
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After rolling at 300°C, Cu-{100}<001> orientation dominates with an 
intensity of x22 (fig.IV.11b). Rolling at 400°C destabilizes the Cube 
component and allows the appearance of a deviated Copper 
({227}<110>) component and a P-{110}<554> orientation with 
intensities of x6 and x4.5 respectively (figs. IV.11c and IV.11d).  
Figure IV.11:  ODF in ϕ 2 = 0° and ϕ 2 = 45° of Euler space of 
AA6082: a) as received, b) hot rolled at 300°C,  
c)& d) hot rolled at 400°C 
 
Uniaxial compression at 300°C produces a texture with a strong Cube 
orientation intensity around x98, and a weak Brass component, 
intensity of about x12 (Fig. IV.12a). Increasing the compression 
temperature to 400°C, causes the Cube component to fall by a factor 
of 10. 
 
 
Figure IV.12:  ODF measurement (ϕ 2 = 0°) of compressed AA6082;  
a) at 300°C, b) at 400°C 
 
 
IV.3 Mechanical behaviour of heat treated material 
 
IV.3.1 Precipitation hardening in AA6082 
 
IV.3.1.1 Vickers hardness test 
 
The variation of the Vickers hardness with the aging time (fig. IV.13) 
shows that the hardness curves of both water quenched (WQ) and air 
 
ϕ1 
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cooled (AC) samples presented a plateau. For WQ samples the 
plateaoccurred at a hardness value of 120 and started from 9 hours 
until 48 hours, whereas for AC samples it occurs at a hardness value 
of 63 and started from 16 hours to 48 hours. 
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Figure IV.13: Vickers hardness vs aging time for aged AA6082 
 
IV.3.1.2 Uniaxial compression after artificial aging  
 
The flow curves developed by AC specimens compressed at 50°C 
show a negative strain rate dependence of the stress (fig. IV.14). 
During the compression at RT, the flow curves exhibited a more or 
less normal behaviour with the highest yield stress is observed at a 
strain rate of 10 s-1. 
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Figure IV.14: Flow curves of as AC specimens 
 
The curves of the specimens artificially aged for 48h show hardly any 
dependence on the strain rate when tested at 50°C and 100°C (Fig. 
IV.15).  
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Figure IV. 15: Flow curves of AC specimens aged for 48h at 170°C 
 
In the overaged condition, the effect of the strain rate is hardly visible 
at 50°C but it does appear when testing at 100°C, where positive rate 
sensitivity dependence occurred (Fig. IV.16). 
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Figure IV.16: Flow curves of AC specimens aged for 5 days  
at 170°C 
 
The flow curves at RT of as WQ samples show the same behaviour 
for the different strain rates after yielding, but at high strains, the 
curves exhibit a negative dependence with the strain rate. The stress-
strain curves of specimens compressed at 50°C show a more or less 
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normal behaviour at low values of strain with respect to the strain rate, 
but they reach the same stress values towards high strain (Fig. IV.17). 
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Figure IV.17: Flow curves of WQ specimens  
 
The flow curve of the WQ specimen aged for 48 h, deformed at 50°C 
and 100°C, showed a weak dependence on the strain rate, except for 
the specimens tested at 50°C and 10 s-1, which reached steady state at 
an early straining stage (Fig. IV.18).  
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Figure IV.18: Flow curves of WQ specimens aged for 48h at 170°C 
 
Uniaxial compression curves of the WQ samples aged for 5days (Fig. 
IV.19) show a stronger dependence of the flow stresses on the strain 
rate at 100°C, rather than at 50°C. The flow curve obtained after 
deformation at 0.01s-1 presents a low yield stress at 100°C and a 
higher strain hardening. Whereas, the steady state was achieved in the 
flow curves at 0.1s-1 and 1s-1. 
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Figure IV.19: Flow curves of WQ specimens aged for 5 days 
 at 170°C 
 
The highest values of the flow stresses were reached by WQ samples; 
the highest flow curve was obtained after an artificial aging time of 48 
h. Some curves showed the tendency to saturate just after yielding, as 
was the case of the WQ samples aged for 5 days. The curves of AC 
specimens showed higher strain hardening specifically at low strain 
rates, with the important slopes observed in the case of the AC 
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specimen compressed at 50°C (fig.IV.14), with a negative dependence 
of the flow stress on the strain rate. Similar behaviours were observed 
for the WQ samples deformed at RT (fig. IV.17), the WQ sample aged 
for 48h (fig. IV.18) and the one aged for 5 days (fig. IV.19) deformed 
at 100°C. Their dependence on the temperature and on the strain rate 
varied from one stage to another. 
 
IV.3.1.3 Constitutive equations 
 
The experimental data were fitted by Voce equation (eq. II.26) using 
the “Solver” program in Microsoft “Excel. Voce’s equation was 
combined with the power law (eq. II.27) to calculate the apparent 
activation energies of deformation. 
 
 Figures IV.20 and IV.21 showed good compatibility between the 
experimental and the fitted data at low and medium strains. However 
this compatibility was not perfect at high values of strain in most of 
the cases. 
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Figure IV.20: Experimental and fitted flow curves of AC samples 
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Figure IV.21: Experimental and fitted flow curves of WQ samples 
 
The calculated values of the parameters in equation (II.26) and in 
equation (II.27) are given in Table IV.6 and Table IV.7: 
 
Table IV.6: Calculated values of the parameters in equations (II.26) 
and (II.27) for AC samples 
Aging 
time 
σo 
 
(Mpa) 
σss 
(Mpa) 
C *Qo 
(kJ/mol) 
**Qss 
(kJ/mol) 
0 h 106.86 256.21 5.25 78.2 164.03 
48 h 102.4 215.3 14.11 78.08 142.74 
5 d 120.64 240.29 14.15 85.82 154.25 
 
Table IV.7: Calculated values of the parameters in equations (II.26) 
and (II.27) for WQ samples 
Aging 
time 
σo 
(MPa) 
σss 
(MPa) 
C Qo 
(kJ/mol) 
Qss 
(kJ/mol) 
0 h 141.81 369.23 10.71 100.02 229.3 
48 h 235.35 344.44 32.08 154.28 218.25 
5 d 215.46 307.21 42.88 143.01 195.2 
*Qo is the activation energy at yielding 
**Qs is the activation energy at saturation 
 
The values for the saturation stress and the yield stress are close to 
each other in Table IV.7 than in Table IV.6. The activation energies 
for yielding after fast cooling and aging for 48 h and 5 days are higher 
and close to the activation energies for saturation. 
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IV.3.2 Effect of natural aging on the behaviour of AA6082 
 
In order to analyse the effect of the natural aging on AA6082, 
axisymmetric compression tests were carried out on WQ samples, 
which were kept six months at RT and then artificially aged for 48 h.  
 
The comparison of the flow curves of WQ samples with and without 
natural aging deformed at RT and at 1s-1 (Fig. IV.22) did not show too 
much difference. However, the effect of the natural aging was 
observed when the compression was carried at 100°C and 10-2 s-1 
(Fig.IV.23), where the curve of the naturally aged sample exhibited a 
highest strength, but similar strain hardening than the one of the 
sample without natural aging. 
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Figure IV.22: ASC tests at RT and 1 s-1 of as WQ samples 
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 Figure IV.23: ASC tests at 100°C and 10-2 s-1 
 of as WQ samples 
 
After an artificial aging of 48 h, the samples that underwent natural 
aging compressed at RT and at 0.01 s-1, exhibited a slightly higher 
yield stress (Fig.IV.24).  Increasing the deformation temperature to 
100°C after aging at RT for six months did not bring any changes to 
the flow behaviour  
(Fig. IV.25). 
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Figure IV.24: ASC tests at RT and 10-2 s-1 of WQ specimens  
aged for 48h at 170°C 
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Figure IV.25: ASC tests at 100°C and 10-2 s-1 of WQ specimens 
 aged for 48h  at 170°C 
 
Figure IV.26 displays a positive dependence of the flow curves on the 
strain rate of the naturally aged samples compressed at RT. The 
difference between the two curves increases with increasing strain. 
 77
The opposite behaviour is observed in the samples artificially aged for 
48h and compressed at 100°C (Fig. IV.27). 
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Figure IV. 26: ASC tests at RT of  naturally aged WQ samples  
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Figure IV. 27: ASC tests at 100°C of naturally aged WQ samples 
aged for 48h at 170°C) 
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IV.3.3 Effect of deformation and annealing temperature on 
the texture of AA5083 after plane strain compression 
 
The changes in the texture of AA5083 were analysed after plane strain 
compression at RT and annealing at different temperatures for two 
hours. The initial texture of the as received AA5083 was mainly 
composed by a dominant rotated Cube (Fig. IV.28), the OIM 
representation of the microstructure showed fine and equiaxed grains, 
with an homogenous  distribution (fig. IV.29), which is characteristic 
for the recrystallization state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV. 28: ODF representation of the original texture 
 of AA5083 
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Figure IV. 29: OIM image of the microstructure of as received 
AA5083 (Inverse pole figure: IPF (001)) 
 
The initial microstructure changed ones the alloy was heat treated at 
560°C for 2 hours, where a mixture of medium and big grains  is 
observed (fig.IV.30). 
 
 
 
Figure IV. 30: OIM image of the microstructure  of  as received 
AA5083 after annealing at 560°C for 2h (IPF (001) 
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The texture of the heat treated AA5083 sample deformed to 15% 
showed the appearance of a near β-fibre structure with the main 
intensity concentrated in the Copper component (x3.2) (fig. IV.31). 
The rotated Cube was shifted towards the normal position with an 
intensity around x2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.31: ODF representation of the SHT AA5083  
deformed to 15% 
 
The β-fibre became sharper with more or less equal intensities for the 
three principal components after 60 % deformation (Fig. IV.32). 
 
Increasing the degree of deformation had a negative effect on the 
Cube component, which became weaker ones the strain increased. In 
the other hand, the components of the β-fibre showed irregular 
variations in their intensities as function of the strain. 
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Figure IV.32: ODF presentation of AA5083 deformed to 60% 
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Figure IV.33: Variation of the intensity of the texture components 
with the degree of deformation , without annealing. 
 
The highest intensities were observed for Brass and S components in 
the case of 30 % deformation. The intensities of Copper, Brass and S 
became almost similar after 60 % deformation, with intensity values 
between x3.5 and x4.5 (fig. IV.33).  
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Annealing at 150°C after deformation did not bring too many changes 
to the texture of the deformed material, specifically after 15 % and 30 
% deformation. However, the ODF of the AA5083 deformed to 60% 
and annealed at 150°C showed the reappearance of the Cube 
component (x 1.2), and the appearance of a weak Goss (G) beside the 
components of the 	-fibre; Brass (x6.5), Copper (x4.3) and S (x5.2) 
(Fig. IV.34). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.34: ODF presentation of AA5083 deformed to 60% 
and annealed at 150°C 
 
The intensities of the β-fibre components showed equal values after 
15 % deformation and annealing at 150°C. This similarity 
disappeared in the case of 30 % and 60 %, where Brass component 
was the dominant. High degree of deformation and annealing at 
150°C allowed the reappearance of the Cube, and the appearance of 
Goss orientation for the first time (fig. IV.35).  
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Figure IV.35: Variation of the intensity of the texture components 
with the degree of deformation , after annealing at 150°C for 2h. 
 
Cube orientation was present in the texture of AA5083 sample 
deformed to    15 % and annealed at 300°C, with an intensity 
comparable to the one of Copper and S components. However, the 
deformation to 30 %, allowed to Brass component to dominate after 
annealing at 300°C. The ODF representation for the texture of the 
sample deformed to 60 % and annealed at 300°C showed the presence 
of Cube and Goss orientations beside the components of the β-fibre 
(fig. IV.36 ). 
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Figure IV.36: ODF presentation of AA5083 deformed to 60% 
and annealed at 300°C 
 
The OIM representation of the microstructure showed the nucleation 
of small grains inside the big grains, indicating the beginning of the 
recrystallization process (fig. IV.37). 
 
 
 
Figure IV.37: OIM image of AA5083 compressed to 30% and 
annealed at 300°C for 2h 
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Cube component was present after annealing at 300°C in the different 
levels of deformation beside the components of the 	-fibre. Brass 
orientation which had the lowest intensity after 15 % deformation, 
became the dominant orientation in the cases of 30 % and 60 %. and 
annealing at 300°C. Copper component exhibited similar intensities in 
the three cases. Increasing the degree of deformation and annealing at 
300°C had an opposite effect on the intensity of S component which 
decreased to a value bellow x1 after 60 % deformation. Goss 
component reappeared again in the case of 60% after being absent 
after 15 and 30 % deformation (figs. IV.38). 
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Figure IV.38: Variation of the intensity of the texture components 
with the degree of deformation, after annealing at 300°C for 2h.  
 
The ODF representation of AA5083 sample deformed to 30% and 
annealed to 450°C showed the presence of the Cube orientation beside 
the components of the 	-fibre with less shaped Brass (fig.IV.39). The 
OIM representation of the microstructure showed a mixture of grains 
with different sizes with an important density of small grains (fig. 
IV.40), which is an indication that recrystallization process is taking 
place.  
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Figure IV.39: ODF presentation of AA5083 deformed to 30% 
 
and annealed at 450° 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.40: OIM image of AA5083 compressed to 30%  
and annealed at 450°C for 2h 
 
Increasing the degree of deformation to 60 % and annealed at 450°C 
affect the β-fibre components which disappeared completely letting 
the dominance to the rotated Cube (fig. IV.41). The microstructure 
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was composed mainly by fine and homogenously distributed 
recrystallized grains (fig. IV.42). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.41: ODF presentation of AA5083 deformed to 60% 
and annealed at 450°C 
 
 
 
Figure IV.42: OIM image of AA5083 compressed to 60% 
and annealed at 450°C for 2h 
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After being present after 30 % deformation and annealing at 450°C 
beside the Cube component, the components of the 	-fibre were 
inexistent when the degree of deformation increased to 60 % making 
Cube the only existing and dominant orientation component (fig. 
IV.43). 
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Figure IV.43:  Variation of the intensity of the texture components 
with the degree of deformation , after annealing at 450°C for 2h. 
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IV.3.4 Effect of aging process on the texture of AA6082 before 
and  after plane strain compression 
 
The texture of as received AA6082, after being heat treated at 560°C 
for two hours and quenched in water at RT, was dominated by a 
rotated Cube with an intensity around x13 (IV.44).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.44: ODF representation of the original texture of AA6082 
after SHT at 560°C for 2h and WQ 
After plane strain compression to 30 %, the texture of the heat treated 
AA6082 sample became dominated by a strong Copper (x8.8) and S 
(x6.7) orientation components (fig. IV.45). Increasing the deformation 
to 60% raised the intensity of Copper to x16 without modifying, too 
much, the one of S component (x7.9). Cube component almost 
disappeared and Brass appeared more sharper (fig. IV.45).  
 
The intensity of the Cube component decreased when the degree of 
deformation increased. Copper orientation exhibited the highest 
intensity after 60 % deformation, whereas S component, showed 
moderate intensities in the three cases (figs. IV.45 and IV.46). 
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Figure IV.45: ODF representation of AA6082 after SHT 
and deformation to 60 % 
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Figure IV.46:  Variation of the intensity of the texture components  
of AA6082 after SHT and PSC at RT 
 
Aging the alloy at 170°C for 48 h, followed by compression to 15%, 
showed a similar texture to the two previous ones, with Copper and S 
as the main orientation components. However, aging in the same 
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conditions but after compression to 15%, gave rise to rotated Cube, 
Copper and S orientations (fig. IV.47). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.47: ODF representation of AA6082 deformed to 15 % 
and aged for 48h 
 
Aging in the same conditions than the previous one, but increasing the 
deformation to 30 % gave rise to a sharper β-fibre with similar 
intensities for the three components: Brass, Copper and S (fig. IV.48). 
The texture developed after compression to 30% and aging during 48h 
was dominated by Copper (x13) and S (x8) in the absence of a strong 
Brass and Cube components. 
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Figure IV.48: ODF representation of AA6082 aged for 
48h and deformed to 30 % 
 
Compression to 60 % before or after aging for 48h did not show any 
important changes in the textures, which were composed mainly by 
Copper (x14.6) and S (x10.3) components (Figs. IV.49 and IV.50). 
Brass was weak, in both cases, and Cube component was negligible. 
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Figure IV.49: ODF representation of AA6082  
deformed to 60% and aged for 48h 
 
Aging before plane strain compression had an opposite effect on the 
intensity of the Cube component than when deformation preceded 
aging. In the first case, the intensity was slightly higher at high strain 
than at lower strain, whereas in the second case, the intensity was 
slightly higher at low strain and decreased when the strain increased 
(figs. IV.50 and IV.51). For Copper and S components, increasing the 
strain was followed by an increase in their intensities, in both cases. 
However, the effect of the strain on Copper’s intensity was more 
pronounced when the sample was aged after being compressed, where 
the difference in the intensity was important between the one at 60 % 
and the others at 15 % and 30 %. The intensity of the Brass orientation 
was almost similar (~ x2), in both cases for the different degree of 
deformations, behalf when the compression preceded aging process, 
where the intensity of Brass reached a value of x6 at 30 % 
deformation. 
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Figure IV.50: Variation of the intensity of the texture components  
of AA6082 aged for 48h before plane strain compression 
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Figure IV.51:  Variation of the intensity of the texture components  
of AA6082 compressed before artificial aging for 48h at 170°C 
 
texture of the sample deformed to 30% and aged for 5 days is 
completely different from the one of the sample aged the first for 
5days and compressed to 30 %. Whereas in the former case, the 
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texture was dominated by the components of the 	-fibre: Brass (x4.7), 
Copper (x10) and S (x7.4) (fig. IV.52.). In the later case, the texture 
developed was composed by a rotated Cube (x7.5) and the P 
orientation (x7.1) (fig. IV.53). 
 
Figure IV.52: ODF representation of AA6082 deformed to 30% 
 and aged for 5 days 
Figure IV.53: ODF representation of AA6082 aged for 5days 
And deformed to 30% 
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The texture of AA6082 aged for 5 days before or after plane strain 
compression to 15% was composed mainly by Cube, Copper, S and a 
weak Brass, with slightly higher intensity of Copper when the 
compression preceded aging for 5 days (figs. IV.55 and IV.56). 
Compressing to 60% before or after aging for 5days did not show 
important differences in the texture developed, which was composed  
mainly by the 	-fibre with highest intensity concentrated in Copper 
and S components. (figs. IV.54, IV.55 and IV.56). 
 
Figure IV.54: ODF representation of AA6082 aged for 5 days 
and deformed to 60% 
 
The effect of artificial aging, for 5 days at 170°C, on the texture of 
AA6082, before or after cold plane strain compression at different 
strain was more pronounced when aging preceded compression to 30 
%, where all the components of the β-fibre were absent, and for the 
first time a P orientation component appeared beside Cube, with 
similar intensities. In the other cases Copper and S components were 
always the dominants orientations.  
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Figure IV.55: Variation of the intensity of the texture components  
of AA6082 aged for 5 days before PSC at RT 
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Figure IV.56:  Variation of the intensity of the texture components  
of AA6082 compressed before aging for 5 days 
 
IV.3.5 Uniaxial compression of annealed AA5083  
 
The results of the ASC test at RT of the heat treated AA5083 show 
that the WQ samples display higher strength than AC samples tested 
at strain rate of 10-2 s-1 (Fig. IV.57). Other important observation 
 98
consists in the negative dependence of the stress on the strain rate for 
WQ samples. 
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Figure IV.57: Compression at RT of annealed AA5083  
 
The curves of WQ samples compressed at 150°C display the same 
behaviour with higher strength at 10-2 s-1 and 10-1 s-1 than at of 1 s-1 
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(Fig. IV.58a). The flow curves of AC samples display the same 
yielding behaviour and start to separate at a given strain. The flow 
curve at 1 s-1 show lower strengthening at high strains than the others 
(fig.58b). 
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Figure IV.58: ASC at 150°C of AA5083 annealed at 560°C 
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The negative strain rate dependence of the stress disappeared in WQ 
samples tested at 300°C (Fig. IV.59a). For AC samples, the flow 
curve at 10-1 s-1 displayed the highest strength, followed by the one at 
1 s-1. 
0.0 0.2 0 .4 0.6 0.8 1 .0
0
100
200
300
400
500
 0 .01  s -1
 0 .1 s -1
 1  s -1
Tr
u
e
 
st
re
ss
 
(M
Pa
)
T rue  stra in
 
a) WQ samples 
0 .0 0 .2 0 .4 0 .6 0 .8 1 .0
0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
 0 .0 1  s -1
 0 .1  s -1
 1  s -1
Tr
u
e 
st
re
ss
 
(M
Pa
)
T ru e  s tra in
 b) AC samples 
 
Figure IV.59: Compression of AA5083 at 300°C  
 
 101
IV.3.6. Dynamic micro-hardness testing of AA5083 and 
AA6082 
 
IV.3.6.1 Non heat treatable aluminium alloy AA5083 
 
Dynamic micro-indentation tests were carried out on samples, which 
exhibited a negative dependence of the flow curves on the strain rate. 
The results of the dynamic micro-indentation tests of four AA5083 
samples showed serrations of different levels (Fig. IV.60), which are 
characteristic of the occurrence of dynamic strain aging in AA5083.  
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Figure IV.60: Dynamic micro-indentation test of AA5083   
 
IV.3.6.2 Heat treatable aluminium alloy AA6082 
 
Analysis of dynamic micro-indentation tests carried out on naturally 
aged AA6082 samples, which displayed negative variation of strain-
stress curves with strain rate, showed weak serrations at the beginning 
of the tests and disappeared later (Fig. IV.61). 
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Figure IV.61: Dynamic micro-indentation test of WQ and 
naturally aged AA6082 
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IV.4 Summary 
 
It was found in this chapter that the heat treatable AA6082 exhibited a 
higher stress-strain curve at room temperature in axisymmetric and 
plane strain compression, whereas the non heat treatable AA5083 has 
shown high strength at high deformation temperatures. The values of 
the activation energies were higher and comparable in the case of 
plane strain compression and laboratory flat rolling. It was observed 
that the texture after deformation, in both alloys, varied with 
processing. 
 
 In AA5083, deformed in plane strain compression at room 
temperature, solid         solution showed only a marginal effect on the 
texture developed, whereas the variation of the degree of deformation 
and the annealing temperature exerted a big influence on the texture. 
In AA6082, it was found that the combination of the aging process 
and the deformation had an effect on the texture, important changes 
were observed when the aging preceded deformation, rather than 
when the deformation preceded the aging.  
 
The curves of the dynamic microhardness test of AA5083 exhibited 
important serrations, which indicated clearly the effect of Portevin-
LeChatelier, whereas the serrations were almost negligible in the case 
of AA6082. 
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CHAPTER V 
 
MECHANISMS INTERFERING DURING 
THE DEFORMATION OF 1050, 5083 AND 
6082  
ALUMINIUM ALLOYS  
 
 
V.1 Workability of commercial pure aluminium 
 
Figure V.1 shows the stress–strain curves at the strain rates shown in 
Fig. IV.2. The experimental values, recorded by the machine, appear 
as individual dots, whereas the best fit of the exponential form of 
relationship given by the Voce equation. (eq. II.26) is drawn as a 
broken line from the origin up to a strain of 0.05 and continuously up 
to a strain of 1.1. 
 
Figure V.1: Stress–strain curves obtained from samples tested with 
PTFE tape at various rates of strain. 
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V.1.1 Work hardening and plastic instability  
 
The parameters of Voce equation were obtained by plotting the 
instantaneous work-hardening rate (dσ /dε) as a function of stress 
(Fig. V.2). The values of dσ /dε were calculated by fitting a 
succession of second degree polynomials to an even number of points 
of the stress–strain curve; the procedure used in this work is described 
elsewhere [1]. The broken line describing Considère’s criterion [2], 
dσ /dε = σ in Fig. V.2 was used to obtain the stress at which necking 
will start to develop in tension in a strain rate insensitive material. The 
corresponding strain for the onset of necking was obtained from the 
stress–strain curves (Fig.V.1). In figure V.2, the arrows, under the 
stress-axis, indicated the values of the saturation stress  (σs), 
calculated by extrapolating the linear portion of the dσ /dε = σ curve 
to dσ/dε = 0. Table V.1 shows the parameters obtained from Fig. V.1 
and Fig. V.2. 
 
Figure V.2: Variation of the instantaneous work hardening rate 
 (dσ /dε ) as a function of stress for specimens tested with 
PTFE tape as a lubricant. 
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Table V.1: Parameters from the strain-stress curves 
ε
.
 
(s-1) 
σy  
(MPa) 
 
εc
b
 
σc 
 
(MPa) 
σo  
(MPa) 
σs 
(MPa) 
 
C 
0.1 64.9 0.200 114.9 113.5 165.0 0.427 
1 75.1 0.203 128.1 125.7 179.8 0.407 
10 80.0 0.221 138.0 138.0 195.2 0.435 
100 96.8 0.206 159.1 159.1 226.9 0.425 
εc
b and σc are the critical parameters where the curves dσ/dε meet 
dσ/dε=σ. 
 
V.1.2 Strain rate sensitivity m 
 
Figure V.3 shows the dependence of the stress at different points, 
either measured from the stress–strain curves of figure V.1 (σy and 
σc), or from the extrapolation to zero work hardening in figure V.2 
(σs), or that required to fit eq. (II.26) (σs and σ0) as a function of the 
strain rate and, as it can be seen, the strain rate sensitivity m is nothing 
else than the slope of the lines.  
 
Figure V.3: Dependence of different stress values upon the strain rate. 
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Fig. V.2 shows that the work hardening rate of the material decreases 
in a continuous manner with the increase in strength. Plotting dσ /dε 
as a function of stress yields to a linear relationship that develops at 
stresses close to that given by Considère’s criterion. The slope of this 
straight line is equal to the parameter C in Voce equation. (eq. II.26). 
The extrapolation to zero work hardening implies that a steady state 
has been achieved, in which the density of mobile dislocations is 
proportional to their inverse mean free path [3, 4].  
 
The existence of the linear relationship between dσ /dε and  can be 
deduced directly by deriving Voce equation, and has been associated 
with stage III deformation in single crystals [5, 6]. The exponential 
relationship given by Voce equation is only valid once restoration by 
cross-slip or climb, characteristic of stage III deformation [4, 5, 6], is 
established, and will explain the overestimation of strength towards 
low values of strain, therefore drawing the curve with broken lines in 
Fig. V.1 at strains lower than 0.05.  
The similarity in the values of the strain rate sensitivity, independently 
of which value of stress is used  (Fig.V.5 and Table V.2), indicate the 
adequacy of fitting the data to equations of the type given by: 
σ
ε
σ )( m
d
d
+= 1   (V.1) 
Where dσ/dε is the strain hardening rate and m the strain rate 
sensitivity. 
 
Variation of the reported values of the saturation stress in a 
commercial purity aluminium deformed at temperatures above room 
temperature [7, 8], as a function of strain rate, are compared with the 
ones obtained in this work. Figures V.4 and V.5 show that the strain 
rate sensitivity (m) for commercial purity and a heat treatable 
aluminium alloy tested in tension [9] vary with temperature according 
to the following relati onship: 
 
).exp(.
T
m
4531240 −=   (V.2) 
Where the temperature is expressed in the absolute scale.  
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Figure V.4: Variation of the saturation stress with respect to the strain 
rate at different temperatures of commercial pure aluminium. For 
temperatures above room temperature, the values were taken from  
ref. [5]. 
 
 
Figure V.5: Temperature dependence of m value for some aluminium 
alloys  (data from literature [7] are added for comparison) 
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Similar behaviour has been observed in an Al–Li alloy [10], although 
a different equation is given. Variation of m with temperature has been 
associated with the change of the main mechanism controlling plastic 
deformation from slip to climb, predominant either at low or high 
temperatures. As it can be observed from table V.2, m value was close 
to 0.05 in all cases. 
 
Table V.2:  Values of the strain rate sensitivity (m) for different 
temperature and stresses values 
 
T°C σy σc σo σs 
20 0.048 0.048 0.051 0.045 
300 - - - 0.081 
350 - - - 0.101 
400 - - - 0.113 
450 - - - 0.117 
500 - - - 0.126 
 
 
V.2 Effect of testing conditions on as received materials 
 
V.2.1 Compression testing of AA1050, AA5083 and AA6082 
 
V.2.1.1 Fit of the experimental data by Voce equation (eq. II.26) 
 
The fit of the experimental data to Eq. (II.26) for the three alloys 
under study is shown in figures V.3 and V.4 for ASC and PSC at 
different temperatures and strain rates.  
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b) Plane strain compression  
Figure V.3: Flow curves at RT, 
.
ε = 1 s-1  
 
In general, the fit of the experimental data was quite good for most of 
the alloys in either deformation mode, the exceptions were at low 
strain values for AA1050 in ASC and AA6082 in PSC where the 
fitting was less satisfactory. 
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Figure V.4: Flow curves of AA1050, 
.
ε  = 10 s-1 
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Figure V.5: Flow curves of AA5083, 
.
ε  = 10 s-1 
 
The Analysis of the different parameters of Voce equation (Tables V.2 
and V.3) shows that factors such as chemical composition, 
temperature, strain rate and even deformation mode have an influence 
on the variation of those parameters. 
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In ASC, σo shows almost a similar behaviour for the three alloys as a 
function of the testing conditions (temperature and strain rate). At a 
constant strain rate, increasing the deformation temperature allows a 
reduction of σo. This reduction is much more important in AA6082 
alloy, especially when the material is heated from RT to 300°C. The 
influence of the strain rate at constant temperature can also be deduced 
from the Tables V.2, but its effect is not consistent at RT for the 
AA5083 and AA6082 alloys, only the case of AA1050, σo showed 
significant regularity in the variation when the strain rate varied at 
constant temperature.  
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Figure V.6: Flow curves of AA6082, 
.
ε   = 10 s-1 
 
 
V.2.1.2 Determination of the parameters for Voce equation 
 
Comparison of the computed values of σs at constant strain rate of 10 
s-1 in the temperature range of 300°C and 400°C shows that the stress 
for AA5083 alloy becomes higher than that of AA6082. For the rest, 
σs has normal behaviour as a function of deformation conditions, 
which means decreasing with increasing temperature and decreasing 
strain rate. 
 
The parameter C shows a strong dependence on the chemical 
composition. The highest values are observed in AA6082 at RT and 
strain rates of 0.1s-1 and 1s-1. It seems to be more dependent on 
temperature than on strain rate, and it presents a stable variation in the 
ASC. 
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Table V.1:  Different parameters of Eq. (II. 26) for data from ASC 
Alloys T (°C) .
ε  (s-1) σo  ( MPa) σs (MPa) 
 
C 
 
 
 
AA1050 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
74.69 
26.02 
85.56 
69.63 
93.5 
68.32 
52.9 
 
148.24 
135.99 
153.71 
84.67 
162.16 
87.89 
58.89 
 
7.24 
0.1 
6.81 
19.76 
7.34 
16.75 
22.17 
 
 
 
AA5083 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
193.81 
82 
152.92 
112.65 
154.04 
137.55 
108.22 
 
394.56 
100 
287.10 
152.09 
350.44 
200.08 
139.66 
 
7.1 
25 
7.7 
30 
10.28 
22.03 
28.74 
 
 
 
AA6082 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
271.65 
26.37 
293 
65.32 
218.49 
82.22 
62.13 
 
427.25 
72.60 
417 
143.54 
397.2 
118.64 
76.39 
 
44.26 
11.94 
40 
21.24 
14.6 
23.31 
32.15 
 
The values of the different parameters in Eq. (II.26), from data of PSC 
tests, are unstable than in the case of ASC, and specifically for σs and 
the parameter C.  
Because of the heterogeneous deformation during PSC [11], and the 
absence of the plateau stress at high temperature in the experimental 
curves, which can be due to the chilling of the test, σs showed higher 
value when the test were carried at high temperature in PSC than in 
ASC. At 400°C, increasing the strain rate from 0.1 to 10 s-1 leads to a 
decrease of σs for the three alloys, whereas at 300°C, increasing the 
strain rate from 1 to 10 s-1 allows an increase in σs value. It can be said 
that the values of the parameter C were lower in the case of PSC than 
in ASC. However, the values of C show contradictory behaviour with 
temperature at constant strain rate. Increasing the temperature in PSC 
decreased the values of C, while in ASC these values increased when 
the deformation temperature changed from RT to 300 and 400°C. 
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Table V.2: Different parameters of Eq. (II. 26) for data from PSC 
Alloys T (°C) .
ε  (s-1) σo  ( MPa) σs (MPa) 
 
C 
 
 
 
AA1050 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
63.74 
19.9 
42.88 
23.82 
60 
22.14 
30.18 
 
135.69 
176.79 
116.62 
113.15 
143 
150.33 
111.47 
 
2.24 
0.89 
5.83 
3.07 
4.89 
1.5 
1.93 
 
 
 
AA5083 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
140 
76.05 
152 
58.74 
160.63 
135.157 
38.39 
 
300 
377.84 
282.14 
295.07 
282.01 
313.54 
263 
 
11 
3.9 
10 
7.73 
8.61 
4.21 
4.06 
 
 
 
AA6082 
 
RT 
400 
RT 
300 
RT 
300 
400 
 
0.1 
0.1 
1 
1 
10 
10 
10 
 
285 
59.88 
114.89 
44.43 
95 
65 
49.33 
 
364.43 
347.82 
353.65 
194.38 
3.08 
200 
216.08 
 
15.52 
1.68 
18 
5.13 
26 
2.93 
1.7 
 
The dependence of the different parameters of the Voce equation on 
temperature and strain rate was more obvious in ASC than in PSC. 
The absence of the steady states in the experimental flow curves in 
PSC, at high temperature, can explain the irregularity in the 
dependence of the different parameters of eq. II.26 on the deformation 
temperature and the strain rate. 
 
V.2.1.3 Determination of the apparent activation energies 
 
The traditional approach followed to correlate steady state flow stress 
data with temperature and strain rate during deformation at elevated 
temperatures, both under creep and hot working conditions of different 
materials can be expressed by eq. (II.27) [12, 13]. The activation energy 
and other parameters were computed using the steady state stresses 
determined from the fit of the experimental data to eq. (II.26) for each 
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alloy, and combining the different conditions of temperature and strain 
rates in ASC (Table V.3) and PSC (Table V.4). 
 
Table V.3: Parameters of equation (II.27) for ASC. 
 
Alloys α  (MPa) -1 logA n Q  (kJ) 
 
AA1050 
 
0.22 
 
7.48 
 
2.27 
 
149.44 
 
AA5083 
 
0.1 
 
7.74 
 
1,77 
 
214,72 
 
AA6082 
 
0.21 
 
8.18 
 
1.8 
 
279.36 
 
The value of Q for AA1050 compares well with the value of 148 kJ 
mol-1 reported for self-diffusion and creep in pure aluminium by Sherby 
et al.[12], and 156 kJ mol-1  found by Jonas et al. [13], who assumed 
that, in the temperature range of hot working and creep of aluminium 
and its alloys, the deformation under steady state conditions would be 
controlled by thermally activated climb processes of edge dislocation 
segment and by the motion of jogged screw dislocations. This 
assumption is also consistent with the well known fact that under hot 
working conditions, commercial aluminium alloys tend to develop a 
substructure of well-formed subgrains as a consequence of the 
operation of dynamic recovery as the only mechanism of softening that 
takes place concurrently with the deformation process [14]. 
 
The value of Q for AA5083 is a slightly higher, which can be due to the 
presence of solid solution elements in the alloy [15, 16], that interact 
with dislocations inhibiting subgrain formation and the consequent 
change in the activation energy  [17]. 
 
In the case of the heat treatable AA6082, the higher value of Q can be 
indirectly affected by the size of the precipitates present in the alloy, 
their distribution and the way how they interact with the dislocations. 
Furthermore, Q value may also be influenced by the degree of 
saturation of the matrix by the solute elements. In the other hand, at 
high temperature, grain boundary sliding is an important competitive 
deformation mechanism to dislocation glide [18]. As reported by Shyan 
Lee et al. [19], high temperature loading leads to a growth of second 
phases to reduce the total boundary energy, which can have a direct 
effect on the activation energy. 
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Table V.4: Parameters of Equation (II.27) for PSC 
 
Alloys α 
(MPa-1) 
 
logA 
 
n 
Q 
(kJ) 
 
A1050 
 
0,0995 
 
8.16 
 
2,3 
 
210 
 
A5083 
 
0.18 
 
6.9 
 
1.22 
 
360 
 
A6082 
 
0.2 
 
8.16 
 
2.5 
 
320 
 
The values of the apparent activation energies obtained in PSC are 
higher than those obtained in ASC. This is a consequence of the strain 
hardening observed in the flow curves and the absence of the plateau 
stresses in PSC mode at high temperature, which is caused by the drop 
of the temperature as the specimen touch with the tools.  
 
The variation of the flow curves of the alloys tested in the different 
conditions of temperature, strain and strain rate, are controlled by their 
chemical composition and the mechanisms interfering during plastic 
deformation. The main mechanism improving the strength of the heat 
treatable wrought AA6082 alloy is the precipitation of a second phase 
(Mg2Si) that hinders the dislocations motion at RT. During high 
temperature loading, dissolution of the precipitates is involved in 
thermally activated processes [19]. Increasing the temperature 
accelerates precipitate dissolution, the rate of dislocation annihilation 
and, subsequently, the rate of softening. This explains the drastic 
decrease in strength as the temperature increases. 
 
In the case of the non-heat treatable AA5083, strengthening is due 
mainly to solid solution hardening, which depends on the 
concentration of dissolved atoms. However, the segregation of these 
atoms near the grain boundaries allow the formation of dispersed 
particles, which eliminates grain boundary sliding in aluminium 
alloys, decreases the stacking fault energy and retards the dynamic 
recovery [20]. 
 
V.2.2 Comparison of ASC to laboratory flat rolling of 
 AA5083 and AA6082 
 
V.2. 2.1 Effect of deformation mode on the flow behaviour 
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During hot rolling, the same deformation condition in plane strain 
compression are repeated, the material brought from the furnace gets 
in contact with cold rolls, and this may produce local surface chilling, 
which cause a strain hardening of the material during the deformation.  
 
In spite of the lower values of strength at 300 and 400°C, the values of 
the activation energy of AA5082 were the highest. Beside the chilling 
effect, the effect of the solid atoms on inhibiting the immigration of 
the grain boundaries can participate in the hardening effect observed 
in the flow curves, and as a consequent on the higher value of the 
activation energy obtained.  
 
V.2.2.2 Texture developed after ASC and laboratory flat rolling 
 
It is well known that a preferred orientation is developed during 
rolling of aluminium alloys [21]. The influence of the deformation 
technique and the working temperature on the texture of both alloys is 
reflected in the results of the OIM analysis. The difference in the 
texture developed is due mainly to the nucleation sites present after 
each deformation mode, and by the restoration processes in both 
alloys. In AA5083, the higher content of Mg inhibits dynamic 
recovery by restricting dislocations mobility and inhibiting grain 
boundary migration, which can enhance the dynamic recrystallization 
that can occurs sometimes in Al-Mg alloy system during hot rolling 
[22]. 
 
On the other hand, limiting the migration of grain boundaries reduces 
preferred growth of Cube oriented grains [23]. However, the presence 
of a stronger Cube texture in AA5083 after hot rolling, than after hot 
uniaxial compression is due mainly to the fact that flat rolling is 
essentially a plane strain operation, and as a consequence, the strain 
and stress distribution will be different than those in axisymmetric 
compression. 
 
The contribution of particle-simulated nucleation (PSN) to 
recrystallization is very important in AA6082. It seems that the nuclei 
originate in the deformation zone and their orientations are restricted 
to those present in these zones [24]. Habiby and Humphreys [25] have 
shown that even if PSN grains are highly misoriented from the matrix 
grains, a weakened rolling texture would result. The weak texture of 
AA6082 after rolling at 300°C can be attributed to the nucleation in 
the deformed zones around the second phase. In the other hand, the 
strong Cube texture present after compression at 300°C can be a sign 
of the nucleation of Cu oriented grains on transition bands [26]. 
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V.3 Behaviour of AA5083 and AA6082 after heat 
treatment 
 
V.3.1 Precipitation hardening in AA6082 
 
It can be seen in figure IV.22 that the harder material is obtained after 
WQ and artificial aging. The highest hardness values are explained by 
the difference in the microstructure and the transformation that take 
places after different aging routes. Microscopic examination by TEM 
of hard samples (WQ sample) show a high density of the metastable 
needle like phase known by β’’ (Fig.V.7b), that some studies conclude 
that is the most effective precipitation hardening phase for this kind of 
materials [26-30], whereas the microstructure of the AC sample 
showed the presence of low density of big β’’ precipitates (fig. V.7a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) air cooled sample 
 
 
 
 
 
 
 
 
 
100 nm 
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100nm 
 
 
b) water quenched 
 
Figure V.7:  TEM micrograph after aging at 170°C  
during 5 days, (x 6.104) 
 
Nucleation of precipitates on dislocations enhances the kinetic of 
precipitation. The diffusion of solutes atoms in the precipitates, which 
are trapped by dislocations, takes place at a greater rate, therefore the 
precipitates become more stable and their driving force and growth 
rate become higher. As a consequence of the formation of new 
precipitates during deformation, there is an increment in the apparent 
work hardening rate by a factor of two, compared to the maximum 
value based on Stage II work hardening theory [31]. 
 
Dynamic precipitation is strain rate dependent, the higher the strain 
rate, the lower the precipitation kinetics [31]. That can explain the 
higher slope due to precipitation hardening obtained at low strain rates 
than at high strain rates. Figure V.8 shows that the density of the 
precipitates nucleating on dislocations is higher in the material that 
was tested at low strain rate, rather than at high strain rate where bulk 
precipitation is dominant. 
100 nm 
 
 125
a) 
.
ε = 10 –2 s-1 
 
b) 
.
ε  = 10 s-1 
Figure V.8: As water quenched samples deformed at 50°C 
 
On the basis of experimental observations by Klepaczko & Chein 
[32], it has been concluded that two different types of mechanisms are 
100 nm 
 
100 nm 
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responsible for the strain rate dependence of flow stress in fcc metals; 
one is the thermally activated motion of dislocations over stationary 
strong obstacles, and the other is the dynamic recovery process 
associated with collision and annihilation of moving dislocations. 
Hardening of the overaged alloy during compression was effectively 
limited, mainly due to dynamic recovery, and the achievement of a 
steady state flow was observed early, specifically at high strain rates 
(fig. IV.22). This can be due to the fact that dislocation velocity was 
very high at high strain rates, which coincide with precipitation 
coarsening at the overaging stage, and as a consequence the 
dislocations with higher mobility could easily surround large 
precipitates leading to softening of the material after small values of 
strain. 
 
An other important finding is that this dynamic precipitation 
phenomenon can be responsible of the negative strain rate sensitivity 
observed in as AC samples deformed at 50°C. Figure V.9 shows the 
variation of stress as a function of strain rate at strain values of 0.1 and 
0.8 in these samples.  The slopes of these lines, that are nothing else 
than the strain rate sensitivity (m), are negative in both cases. This 
negative strain rate sensitivity appears stronger at low strain (m = -
0.108) than at higher values (m = -0.0436), and it can be compatible 
with precipitation of GP zone in the vicinity of dislocations during the 
waiting time of obstacles described in the classical dynamic strain-
aging framework [33].  
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Figure V.9: lnσ vs ln
.
ε  of AC sample deformed at 50°C, deformed to 
a true strains of 0.1 and 0.8  
 
Harun et al. [34] reported that a negative strain rate sensitivity was 
observed for AlMgSi aged at 160°C for 3 h or less, which was 
deformed at RT, this was explained by the mechanism of strain 
induced particle growth that may work particularly during non-
uniform deformation which is a typical feature of solution heat treated 
aluminium alloys. 
 
The effect of solute content was clear in the values of the activation 
energies. However, due to their low solute content, the slow cooled 
samples exhibited the lowest activation energies, which were very 
close to the literature values for lattice diffusion [35]. 
 
In the precipitation hardening aluminium alloys, the particle 
distribution can easily be varied by a heat treatment prior to 
deformation and by their evolution during deformation. If all alloying 
additions are precipitated to a medium size, that have almost no effect 
on flow stress, the strength will vary with solute content and hence the 
variation in the activation energy. If the alloys are solution treated and 
cooled rapidly to deformation temperature, dynamic precipitation can 
occur and very fine particles at low temperature will give very high 
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initial stresses, therefore QHW will increase, such as it was observed in 
Table IV. 6. 
 
V.3.2 Effect of the degree of deformation and annealing 
temperature on texture of AA5083  
 
 The OIM image of as received AA5083 shows a fully recrystallized 
material with small grains (fig. V.10a), which agrees with the 
recrystallization texture observed in figure IV.28 composed mainly by 
a rotated Cu component. Annealing at 560°C during 2h and quenching 
at RT in water coarsen the grains, with an inhomogeneous grain size 
distribution (fig. V.10b). 
 
 
a) As received 
300 µm 
RD 
ND 
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b) annealed at 560°C for 2h 
 
Figure V.10: OIM image of AA5083 (x100) 
The texture after plane strain compression to different degrees (15%, 
30% and 60%) was characterized by retaining the 	-fibre, which 
became sharper after 60% deformation with more or less equivalent 
intensity of Bs, C and S components (fig. IV.28). The intensity of the 
Cube orientation was very low, certainly after 30% and 60% 
reduction. This texture is typical for a cold rolled aluminium alloy, 
where the fraction of retained Cube decreases and 	-fibre component 
fractions increase with increasing strain [36-38]. As reported in 
previous work [39,40], all the components of the 	-fibre could be 
found as neighbour orientations to Cube bands. Accordingly, some of 
the subgrains within most Cube bands are likely to satisfy a 40°<111> 
orientation relationship with respect to neighbour orientations.  Table 
V.5 summarizes the texture components, with their intensities, 
developed after each combination of compression and annealing 
temperatures. 
 
Annealing at low temperature (150°C) after compression did not 
modify the deformation texture, except the intensity that becomes 
slightly higher with Bs component as the major orientation, and the 
appearance for the first time of a weak Goss (G) orientation, deviated 
from its normal position in the case of 60% deformation. 
 
300 µm 
RD 
ND 
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Table V.5: Texture developed in AA5083 after PSC and annealing 
 
15% 30% 60% 
 
RT 
Cu (x1.8) 
C(x3.2) 
Bs(x1.7) 
S(x2.7) 
Cu (x1.2) 
C(x2.3) 
Bs(x4.9) 
S(x2.8) 
Cu (x1.1) 
C(x4) 
Bs(x4.5) 
S(x3.5) 
 
 
150°C 
C(x4.5) 
Bs(x4.3) 
S(x4.2) 
C(x4.2) 
Bs(x8.3) 
S(x6.2) 
Cu (x1.1) 
C(x4.8) 
B(x6.5) 
S(x5.3) 
G(0.7) 
 
300°C 
Cu (x2.9) 
C(x3.3) 
Bs(x1.3) 
S(x3.4) 
Cu (x0.7) 
C(x3.9) 
Bs(x6.5) 
S(x2.2) 
Cu (x2.1) 
C(x3.4) 
Bs(x4.7) 
S(x5.7) 
G(1) 
 
450°C 
C(x3.2) 
Bs(x1.7) 
S(x2.7) 
Cu (x2.8) 
C(x3.7) 
Bs(x3.2) 
S(x3.2) 
 
Cu (x2) 
Bs(x1.1) 
*Cu: Cube; Bs: Brass; C: Copper 
 
The microstructure of the sample deformed to 60% and annealed at 
150°C, analysed by the optical microscope (OM) and orientation 
image microscope   
(OIM), shows the presence of shear bands along the compression 
plane which are competitive nucleation sites for Cube bands (fig. 
V.11).  The origin of these shear bands are the deformation bands 
which are regions of distortion where a portion of a grain has rotated 
towards another orientation to accommodate the applied strain. When 
those regions extend across many grains they are called shear bands. 
The formation of hear bands in aluminium alloys is linked to the 
plastic instability during deformation, which is caused by strain 
localisation. In some aluminium alloys, the plastic instability can be 
due to the interaction of the solute atoms with the mobile dislocations 
(PLC effect), this interaction is dependent on the temperature, and the 
strain rate. The main parameter linked to the appearance of the shear 
bands is the strain rate sensitivity m. While in tension a material with 
a high m value is more resistant to flow localisation, in compression, 
the greater the m value the sooner flow localization is initiated [Ref. 5, 
Ch. II]. 
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a) OM image 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)  OIM image (x100 ) 
 
Figure V.11: AA5083 compressed to 60% 
and annealed at 150°C for 2h 
Annealing to 300°C for 2h was characterized by the appearance of the 
Cube component with slightly higher intensity, beside the 	-fibre 
components, especially in the case of 15% and 60%. OIM analysis of  
100 µm 
RD 
RD 
ND 
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AA5083 showed the presence of elongated grains close to the shear 
bands after 30% deformation and annealing at 300°C (fig. V.12a). 
Partial recrystallization (RX) started after 60% deformation and  
annealing at 300°C by nucleation of the new grains on the shear bands 
(fig. V.12b).  
b) 60% deformation and annealed at 300°C 
 
Figure V.12: OIM image of AA5083 
RD 
ND 
a) 30% deformation and annealed at 300°C 
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The texture of AA5083 after plane strain compression to 30% 
followed by annealing at 450°C was composed by the 	-fibre, and Cu 
orientation with intensity slightly lower for the components of the 
fibre. The microstructure was composed mainly of a mixture of grain 
sizes with an average diameter around 60 µm, which imply that the 
RX is taken place (fig. V.13). 
 
 
Figure V.13: OIM image of AA5083 compressed to 30% and 
annealed at 450°C for 2h 
 
Annealing at 450°C after 60% deformation returns the texture to an 
aspect more or less similar to the original one, with a rotated Cube, 
which became the dominant orientation with an intensity of about x2. 
The only component surviving from the 	-fibre was a weak Bs 
orientation (x1). The microstructure showed a fully recrystallized 
material with homogenous distribution of fine grains, with an average 
grain size of 16 µm (Fig. V.14). 
 
The effect of the combination of strain and annealing on 
microstructure and texture of commercial wrought AA5083 showed 
weak textures in most of the cases with a dominance of the 	-fibre 
components, the Cube orientation was almost negligible specifically at 
300 µm 
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high strains and low annealing temperatures. Nucleation of Cube 
oriented grains became more efficient when the annealing temperature 
was increased, before turning into the major orientation at high strain 
combined with high annealing temperature. 
 
 
V.14: OIM image of AA5083 compressed to 60% 
and annealed at 450°C for 2h 
 
The microstructure of the samples deformed at high strains and 
annealed at low temperatures, showed the presence of shear bands 
which have been observed to occur in many different metals and 
alloys, mostly under plane strain deformation condition. These shear 
bands are very good potential sites for the nucleation of recrystallized 
grains. They are areas of highly localized strain and therefore of high 
dislocation density. The driving force necessary for events associated 
with nucleation is thus present in the shear bands. They are also areas 
that possess large misorientations with respect to the surrounding 
matrix, which facilitate nucleation and growth of grains. There is a 
considerable amount of experimental evidence that shear bands act as 
nucleation sites during annealing in dilute aluminium alloys. There is 
evidence that nucleation at shear bands leads to a randomization of the 
recrystallization texture as suggested by Ridha et al. [41]. It was 
reasoned that randomization of the recrystallization texture was 
caused by the nucleation of random oriented nuclei at shear bands and, 
in addition, by the destruction of the sites for Cube oriented nuclei by 
cutting through Cube transition bands.  More recently, Engler [42] 
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made a distinction between grains nucleating at shear bands and grains 
nucleating at band-like structures parallel to the rolling direction, 
presumed to be Cube bands. The texture corresponding to nucleation 
at presumed Cube bands resulted in a Cube texture with small scatter. 
The texture corresponding to nucleation at the shear bands was less 
well defined with notably less of the exact Cube orientation. 
Duckham et al. [43] analysed the texture of a Al-3%Mg specimen 
deformed in PSC at room temperature to a strain of 2.7. In all 
deformed specimens the well known Copper rolling texture, which is 
characterized by the development of preferred orientations along the 
	-fibre running from the Brass orientation (Bs) through the S 
orientation to the Copper orientation was found [44]. In such study, 
where the maximum strain used was around 1, the 	-fibre components 
appeared at low strain (ε = 0.16), which correspond to a deformation 
of 15%.  
 
The effect of chemical composition on the recrystallization texture 
was studied by Li et al. [45] who compared the texture of AA5083 and 
AA5182 after cold rolling and annealing. The two alloys have a 
similar chemical composition; the main difference is the excess of Mn 
and Cr in AA5083. It was noted that this difference affected the 
recrystallized texture. The texture of AA5083, after cold rolling and 
annealing, consisted of a weak {113}<110> component, while the 
recrystallization texture of AA5182 was characterized by the Cube 
component. The strength and the frequency of the formation of shear 
bands are strongly linked to an increase in strain. Furthermore, they 
are often observed to be restricted to single grains at low strains, 
whereas at high strains they appear to cross grain boundaries and are 
observed over several adjacent grains [46]. During subsequent 
deformation, more strain will be accommodated at shear bands 
causing substantial distortion of the deformed microstructure. This 
might counter normal strengthening of the deformation texture as a 
function of the strain [47]. As soon as the shear bands disappear due to 
annealing at 450°C, the potential Cube nucleation sites would be 
restored and Cube texture would develop again, like in our case after 
deformation to 60% and annealing at 450°C (fig. IV.41). 
 
Beside the shear bands that are believed to offer alternative nucleation 
sites to Cube oriented grains and to reduce the frequency of Cube 
oriented nuclei, nucleation at particles (PSN) is also believed to 
moderate the strength of the Cube recrystallization texture in the same 
way as nucleation at shear bands does. When PSN is effective (at low 
temperatures), it weakens the Cube texture [48]. In the presence of the 
large particles, PSN can be active as a mechanism of recrystallization 
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nucleation [49]. That could explain the absence of Cube orientation 
and the presence of components of the 	-fibre after deformation to 
low strain and annealing at 150°C (Figs. IV.35). The microstructures 
of these specimens show big grains, with an average diameter of 110 
µm in the case of compression to 15 % (fig. V.15), and moderate 
grains after compression to 30 %, with a grain size around 89 µm 
(Figs. V.16).  
 
 
 
Figure V.15: OIM image of the microstructure of AA5083 Deformed 
to 15% and annealed at 150°C 
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Figure V.16: OIM image of the microstructure of AA5083 Deformed 
to 30% and annealed at 150°C 
 
The textures developed in the AC specimens (after SHT at 560°C for 
2h) after different degree of compression and annealing was similar to 
those of water quenched (WQ) specimen, and in most of the cases, 
with comparable intensities. However, in some cases, such as after the 
deformation to 30% and annealing at 450°C, the texture of WQ 
samples, was characterized by the presence of the Cube component, 
and slightly strong Copper orientation component. Whereas for AC 
sample, the Cube orientation was absent in the texture, and Copper 
orientation was weaker. Figure V.17 shows ODF presentations of ϕ2 = 
45° for AC and WQ samples deformed to 30% and annealed at 450°C.  
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a) Air cooled sample 
b) Water quenched sample 
Figure V.17: ODF presentation of ϕ2 = 45° presentation for AA5083 
deformed 30% and annealed at 450°C 
 
The microstructures of the WQ specimen was characterized by a mixture 
of small and medium grains, whereas the one of the AC sample was 
dominated by elongated grains across the compression axis (Fig. V.18).  
This difference in the microstructure can explains the appearance of the 
Brass 
Copper 
Cube 
Copper  
Brass 
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Cube component in the texture of the WQ sample where recrystallization 
has taken place. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Air cooled sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Water quenched sample 
 
Figure V.18 OIM image of a AC and WQ samples deformed to 30% 
and annealed at 450°C 
 
300 mµ 
Compressino axis 
300 mµ 
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V.3.3 Effect of precipitation on the texture of deformed 
AA6082 
 
The analysis of the effect of aging at 170°C before and after plane 
strain compression, to different degrees of deformation, on the texture 
developed of the heat treatable aluminium alloy AA6082 showed a 
strong presence of Copper (C) and S orientation components in almost 
all cases with variable intensities. The Brass (Bs) component was also 
present, but with a low to a negligible intensity, except when aging 
was combined with moderate deformation (30%). The ND-scattered 
Cube (Cu) orientation, which was the dominant component in the 
original texture, is almost negligible, except after aging for 5 days and 
deforming to 30%, where it appeared beside P as major orientation 
components. Other remark consists on the increase of the texture 
intensities with increasing the strain (from 15% to 60%). Higher 
intensities are observed when aging preceded deformation, rather than 
when aging followed compression. Table V.6 summarizes the 
orientation components present in AA6082 after different combination 
of compression and aging. 
 
Table V.6: Texture developed in AA6082  
 15% 30% 60% 
 
SHT 
C (x10.2) 
S (x8.8) 
Cu (x4.5) 
Bs (x1.2) 
C (x8.8) 
S (x6.7) 
Cu (x1.4) 
Bs (x1) 
C (x16.3) 
S (x7.9) 
Cu (x0.5) 
Bs (x2.5) 
 
Aged for 48h 
and compressed 
C (x9.5) 
S (x4.6) 
Cu (x2) 
Bs (x2) 
C (x13.4) 
S (x8) 
Cu (x1.5) 
Bs (x2.2) 
C (x14.6) 
S (x10.3) 
Cu (x3) 
Bs (x1.5) 
 
Aged for 5d and 
compressed 
C (x9) 
S (x5.5) 
Cu (x4) 
Bs (x2) 
 
Cu (x7.7) 
P (x7.2) 
C (x13) 
S (x8) 
Bs (x3.2) 
 
Compressed 
and  aged for 
48h 
C (x6.3) 
S (x3.4) 
Cu (x4.5) 
Bs (x1.3) 
C (x6.5) 
S (x6.3) 
Bs (x6.9) 
C (x14) 
S (x9) 
Cu (x0.6) 
Bs (x2) 
 
Compresses and  
aged for 5d 
C (x) 
S (x5.5) 
Cu (x4) 
Bs (x2) 
C (x10) 
S (x7.4) 
Cu (x0.6) 
Bs (x4.7) 
C (x11) 
S (x7) 
Bs (x2) 
*Cu: Cube; C: Copper; Bs: Brass 
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The microstructure and, as a consequence, the texture developed in 
AA6082 depends on the size and the distribution of precipitates after 
aging, and on the precipitate-dislocation interaction. The 
microstructure of the alloy when aging preceded deformation, is 
different than when deformation preceded aging. The comparison of 
the microstructure of AA6082 aged for 5 days at 170°C and deformed 
to 30% was characterized by the presence of elongated grains with an 
average grain size around 120 µm (fig. V.19), whereas the 
microstructure of the alloy first deformed to 30% and aged during 5 
days was characterized by a mixture of coarse and small grains with 
and an average grain size of about 50 µm (Fig. V.20).  
 
Figure V.19: OIM image of AA6082 compressed to 30% 
and aged for 5 days at 170°C  
 
 
 
 
 
 
 
 
 
 
 
 
 
400 µm 
RD 
ND 
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Figure V.20: OIM image of AA6082 Aged for 5 days 
At 170°C and compressed to 30% 
 
Figure V.21a and V.21b compares the ODF presentation of ϕ2 = 45° 
for both samples. When aging followed deformation, the texture was 
characterized by a typical rolling texture composed mainly by the 
elements of the 	-fibre, with C and S as major components. In this 
case, the deformed material contained a high dislocation density, and 
when aging process took place, the existing  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) aged for 5 days and deformed 30% 
Rotated  
Cube 
 
P 
100 µm 
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b) deformed 30% and aged for 5 days 
 
Figure V.21:  ODF presentation of ϕ2 = 45° presentation for AA6082 
 
dislocations served as nucleation sites for the precipitation. The 
precipitates will be able to keep the actual grain structure, and reduce 
the mobility of dislocations during further deformation. This process 
can be used in industry to control the desired mechanical and physical 
properties of the final product. 
 
In the second case, where aging preceded deformation, the texture was 
composed mainly by ND-scattered Cu, and P orientation components 
which can be an indication that particle simulated nucleation (PSN) 
mechanism took place [50]. After over-aging during 5 days, the 
microstructure was composed of large precipitates that served as 
nucleation sites for new grains. In materials containing large 
precipitates (> 1 µm), recrystallization can occur much easier than in 
homogenous samples due to nucleation in the strongly deformed 
zones around the particles (PSN) [51]. These so called deformation 
zones are due to incompatibilities in deformation at the matrix-particle 
interface where very high dislocation densities are being built up 
during deformation, so that nucleation requirement is fulfilled. In the 
early stages of recrystallization, in originally fine local subgrain 
structure, subgrain growth takes place until one or few subgrains have 
consumed the complete deformation zone and have formed a large 
angle grain boundary around themselves. The resulting 
recrystallization texture is typically very weak and often appears to be 
Copper 
Brass 
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almost random. However, accurate ODF analyses have established the 
occurrence of the P {011}<310> and a significant rotation of the Cube 
orientation about the normal direction [52], which is observed in 
Figure. V.21a.  
 
PSN has a strong randomising effect on recrystallization texture and 
leads to drastic decrease in Cube texture sharpness. It is most effective 
in cold rolled material. PSN is not the only nucleation mechanism, but 
can take place concurrently with nucleation at other sites. The 
presence of β-fibre workings, mainly Copper and S orientations, in 
many cases beside a weak ND scattered Cube, can be an indication of 
the existence of nucleation sites in shear bands. The microstructure of 
a specimen aged for 48 h and deformed to 30% observed by optical 
microscope (fig. 22a) and OIM (fig. 22b) showed the presence of 
shear bands across the compression axis (CA), which explains the 
sharp β-fibre observed (Fig. IV.48). 
 
 
 
a) Optical microscope (OM) image 
 
 
 
 
 
 
 
 
CA 
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b) OIM image (x 100) 
 
Figure V.22: The microstructure of AA6082 Aged  for 48 h at 170°C  
and compressed to 30% 
 
V.3.4 Analysis of dynamic strain aging in annealed AA5083  
 
Occurrence and development of plastic instability in AA5083 depends 
strongly on the amount of solutes in the aluminium matrix and their 
distribution. Homogeneous distribution of solutes assures high 
interaction with gliding dislocations and therefore high plastic 
instability. Many factors control the occurrence and the efficiency of 
these interactions such as strain rate and temperature. Whereas 
temperature controls the diffusion kinetics of solids in the solution, 
strain rate has an effect on gliding velocity of the dislocations. 
Therefore, the effect occurs only within a finite range of temperatures 
and applied strain rates. 
 
Quantitatively, the oscillations in the dynamic microhardness curve 
indicate the occurrence of plastic instabilities during the 
microindentation test. The phenomenon corresponds to the serrated 
yielding is known as Portevin-Le Chatelier (PLC) effect often 
observed in tensile tests. As negative strain rate sensitivity (m) is a 
100 µm 
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necessary condition for the occurrence of the PLC effect [55], then, 
the appearance of serrated flow is an indication that the material 
exhibits negative strain rate sensitivity. 
 
From the nature of the interaction between mobile dislocations and 
diffusing solute atoms, it can be expected that the solute concentration 
must exceed a certain minimal value for negative strain rate sensitivity 
to appear. Chinh et al. [56] found that by increasing the content of Mg 
in AlMg alloys, the serrations in the load-displacement curve become 
more important in the case of Al-4.5Mg, and less important when the 
Mg content decreases, before they disappear in the case of Al-0.45Mg.  
 
The degree of plastic instability can be more pronounced when the 
load-displacement curve, obtained by the microindentation test, is 
fitted to the power law function given by [57]: 
 
  (V.4) 
Where F is the load, h is the displacement, k and m are empirical 
parameters. Fitting of these type of curve is shown in figure V.23. 
 
The amplitude and the frequency of the oscillations of ∆F = Fmeas-Ffit, 
in function of the displacement h, are indicative parameters of the 
degree of PLC effect. The difference between the measured and the 
fitted curves at a given depth indicates the deviation of the load from 
that necessary for keeping the global (dynamically stable) behaviour. 
 
khFfit
m
=
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b) WQ sample; compressed at 150°C and 10-2 s-1 
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c) WQ sample; compressed at RT and 1 s-1 
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d) AC sample; compressed at RT and 10-2 s-1 
 
Figure V.23: Dynamic micro-indentation test of AA5083   
 
Figure V.24 shows the variation of ∆F for four AA5083 samples. 
High oscillation frequency and amplitude are observed for WQ 
 149
sample deformed at RT and a strain rate of 0.01 s-1 (fig. V.23a). The 
Comparison of figures V.23a and V.23d, shows that quenching 
sensitivity has also an influence on the plastic stability. The curves of 
WQ samples showed higher oscillations than the curves of AC 
samples, that means that WQ specimens are more sensitive to PLC 
effect than the AC specimens, which confirm the results obtained in 
the ASC tests where the flow curves of WQ samples exhibit a 
negative strain rate sensitivity at RT but not the AC samples (fig. 
IV.57). This may be due to the effect of fast cooling which allows for 
maintaining a more homogeneous distribution of solutes in the matrix, 
and avoid their segregation near grain boundaries. Such homogenous 
distribution makes solute atoms more available to interact with mobile 
dislocations. 
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d) AC sample; compressed at RT and 10-2 s-1 
Figure V.23: ∆F = (Fmeas  -Ffit) vs displacement for AA5083 
specimens 
 
It has been generally found that the critical strain for the onset of the 
PLC effect increases with decreasing temperature below RT, and 
increases with increasing temperature above RT [58]. This implies 
that PLC effect occurs most frequently around room temperature. 
Figure V.24 shows that the oscillation start early in the WQ sample 
deformed at 150°C than at RT, this is indicated by the critical depth hc 
where the serrations begin. However the combination of deformation 
at RT and strain rate of 1s-1 allows an early appearance of serrations in 
the indentation curve (Fig. V.23c).  
 
V.3.5 Effect of precipitation in plastic instability of AA6082 
 
The effect of precipitates on the characteristic of plastic instabilities 
has been studied recently. According to a previous work [59], the 
presence of Guinier-Preston (GP) zones influences the occurrence of 
serrated yielding; it increases the onset strain considerably. In fact, 
although many studies have been carried out in alloys capable of 
precipitation, but there are few works on the effect of precipitation on 
plastic instability. Figure V.24 shows the curves in Fig. IV. 61 fitted 
by eq. (V.4). 
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b) Aged at RT for 6 months at 170°C for 48, 
and deformed at 100°C 
 
Figure V.24: Dynamic micro-indentation test of AA6082 deformed at 
10-2 s-1 
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Figure V.25a and V.25b show similar weak oscillations of ∆F-depth 
curves, with slightly higher amplitude for the specimen naturally aged 
(NA) for six months and artificially aged for 48h, compressed at 
100°C. 
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Figure V. 25: ∆F vs displacement (h) of WQ AA6082 specimens  
deformed at 10-2 s-1 
 
The absence of frequent oscillations in figures V.25a and V.25b is due 
mainly to the long natural aging period (6 months) where there is no 
more chance for the presence of GP zones in the microstructure of 
these specimens. 
 
Previous studies done on the effect of the time for natural aging on 
plastic instability of the heat treatable Al-Zn-Mg alloy show that 
serrations in the microhardness curve was observed after 17 minutes 
aging at RT [60]. The frequency of these serrations decreased with 
aging time, and they disappear after 60 min. The investigation of the 
instability steps in Al-Zn-Mg, before their complete disappearance, 
show that they became irregular and sometimes disappear and 
reappear during indentation. This fact leads to the conclusion that 
varying microstructure causes the disappearance of plastic 
instabilities. The presence of GP zones means that after a short period 
of natural aging, the state of the alloy investigated is no more a single-
phase solid solution. The occurrence of instability steps in the early 
stage of natural aging indicates that the GP zones are not strong 
enough to suppress dynamic strain aging (DSA). At the time when the 
effect of GP zones on moving dislocations becomes dominant 
compared to that of the solute atoms, the instability steps disappear 
from the indentation curves. Therefore the lifetime of the plastic 
instability characterizes a definite state in the zone formation process. 
 
In the case of AA6082 under study with excess Si, after natural aging 
for six months, it is assumed that most of the solutes has precipitated. 
The weak and irregular instability steps observed in indentation curves 
is may be due to the few remaining Si atoms in solution.  
 
 
V.4 Summary 
 
In this chapter, explanations and interpretations to the results found in 
chapter IV were given. It focussed on the mechanisms responsible for 
the behaviour of the different alloys during the different testing 
techniques and testing conditions with justifications by some previous 
work from literature. It was found that the efficiency of strengthening 
mechanisms in AA5083 and AA6082 is strongly dependent on the 
deformation conditions such as the temperature, the strain and the 
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strain rate. For instance, the precipitation hardening, which was 
behind the strength of AA6082 at room temperature, was no more 
efficient when the deformation took place at high temperature. 
Whereas, the deformation at high temperature allowed the solute 
elements in AA5083 to segregate near the grain boundaries and inhibit 
their mobility, which strength the alloy. 
 
The analysis of the texture of the non-heat treatable AA5083, 
developed after plane strain compression at room temperature and 
annealing, showed a big dependence on the strain and on the 
annealing temperature. The dominance of β-fibre components was 
attributed to nucleation on shear bands which were observed after the 
analysis of the microstructures, these shear bands constituted potential 
competitive nucleation sites to Cube bands, which explained the 
negligible presence of the Cube orientation component.  
 
Comparison of the texture developed in AA6082 to different 
combination of PSC and artificial aging showed that higher intensities 
were observed when aging preceded deformation, rather than when 
deformation preceded aging. This difference was attributed to the fact 
that in the last case deformed material contained a high dislocation 
density, so when aging took place, the existing dislocations served as 
nucleation sites for precipitation. Whereas when precipitation 
preceded deformation, the role of the precipitation was to keep the 
actual grain structure, and reduce the mobility of dislocations during 
further deformation, and from it can be concluded that the size of 
precipitates play an important role in nucleation process. The 
misorientation between the particles and the matrix increase with the 
size of the precipitate; particle simulated nucleation (PSN) can take 
place concurrently with nucleation at other sites leading to random 
texture such as the one observed after over-aging and deformation to 
30%. 
 
The analysis of Portevin-LeChâtelier phenomenon in AA5083 showed 
that this effect occurs most frequently around room temperature; the 
degree of dynamic strain aging which was indicated by the frequency 
of the serrations in dynamic micro-indentation tests, may be 
dependent on the concentration of Mg. Portevin-LeChâtelier effect 
was not so important in the case of heat treatable AA6082 alloy aged 
at room temperature during six months. According to a previous work 
done on a naturally aged heat treatable Al-Mg-Zn alloy for different 
period of time, Portevin-LeChâtelier effect was important at the 
beginning of aging at room temperature, and became less important 
when aging time increased. That was attributed to the formation of 
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GP-zone during the first minutes of natural aging, and once aging time 
increased, GP-zones became unstable and serve as nucleation site for 
the next stage in the precipitation sequence. However, AA6082 was 
aged six months at room temperature and this neglected the chance to 
have GP-zones in the material, which can explaine the weak serration 
frequencies observed in the micro-indentation tests that can only be 
attributed to the presence of excess Si atoms dissolved in the matrix.  
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CHAPTER VI 
 
GENERAL CONCLUSION AND 
SUGGESTIONS FOR FURTHER WORK 
 
 
 
VI.1 Conclusion 
 
This work was focused on the investigation of the response of a 
commercial wrought, non heat treatable AA5083 and a heat treatable 
AA6082 aluminium alloy, using different laboratory deformation 
techniques, which give information about various mechanical 
properties that producers of these two aluminium alloys can take in 
consideration during industrial processing. Some preliminary work 
was carried out on a commercial purity alloy (AA1050) to tune the 
experimental setup.  
 
Testing AA5083 and AA6082 in axisymmetric and plane strain 
compression at different combinations of temperature and strain rates 
showed that the nature of the testing technique and the conditions of 
testing such as tooling, lubrication and heating during deformation 
have an important influence on the distribution of strain during 
deformation, which was reflected on the results obtained.  As known, 
heat treatable aluminium alloys are stronger at room temperature than 
non heat treatable aluminium alloys. The stress-strain curves after 
uniaxial and plane strain compression at room temperature of AA6082 
exhibited higher strength than AA5083. However, during compression 
testing at 300°C and 400°C, AA5083 exhibited the highest flow 
stresses. This is explained by the strengthening mechanism in AA5083 
which are mainly solid solution hardening that depends on the 
concentration of dissolved atoms, and the presence of dispersed 
particles at the grain boundaries, which practically eliminates grain 
boundary sliding and decreases the stacking fault energy, thus the 
amount of dynamic recovery decreases. In the other hand, during high 
temperature testing, dissolution of precipitates in the heat treatable 
AA6082 takes place; increasing the temperature accelerates the 
dissolution of precipitates, the rate of dislocation annihilation and, 
subsequently, the rate of softening, which caused a drastic decrease in 
strength as the deformation temperature increased. The fit of the 
experimental flow curves to the exponential equation proposed by 
Voce was more satisfactory in axisymmetric compression than in 
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plane strain compression; the variation of the different parameters of 
Voce equation, with the temperature and the strain rate, was not clear 
in the case of uniaxial compression, specially the saturation stress and 
C parameter, which showed increasing values when the temperature 
increased in axisymmetric compression, and decreasing values when 
the temperature increased in plane strain compression. The value of 
the activation energy, for hot axisymmetric compression, were found 
to lie in the range of those found by other authors, certainly for the 
pure commercial AA1050 alloy. However, the heterogeneous strain 
distribution and the absence of saturation stresses in plane strain 
compressed AA5083 and AA6082 resulted in higher values of the 
activation energy calculated. The mean flow stresses in axisymmetric 
were comparable to those in laboratory flat rolling for both alloys. The 
values of the activation energy for hot working in flat rolling were 
higher than for axisymmetric but comparable with those for plane 
strain which was not surprising because flat rolling is a plane strain 
deformation, and the work rolls are at a temperatures similar to those 
of the tooling in plane strain compression. The texture developed after 
hot flat rolling of AA5083 was characterized by the dominance of a 
strong Cube orientation component, whereas after hot uniaxial 
compression, the texture was mainly composed by weak Cube and 
Brass components. In the case of AA6082, Cube component was 
dominant with the higher intensities observed after hot axisymmetric 
compression than after hot flat rolling. This was due mainly to the 
mechanisms controlling deformation and recrystallization textures in 
both alloys and the concurrence between the different nucleation sites 
after various deformation modes.  
 
Results of the Vickers hardness tests done AA6082, after being 
solution heat treated at 560°C and artificially aged at 170°C for 
different periods of time, showed that the hardness of water quenched 
samples, after SHT, were the double of those of the air cooled ones; it 
was observed from TEM micrographs that the density of β” phase, 
which is known to enhance hardness in the precipitation sequence in 
this alloys system, was very high with smaller size for in water 
quenched samples than for air cooled ones after an aging time of five 
days. The effect of quenching was observed also in the results of the 
axisymmetric compression tests, which showed higher flow stresses in 
water quenched samples. The negative strain rate sensitivity that was 
observed in AA6082 could be explained by the occurrence of dynamic 
precipitation hardening during compression testing. It coincides with a 
previous work in which strain induced particle growth that occurs 
during non-uniform deformation, that is a typical feature of solution 
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heat treated aluminium alloys, has been associated with the negative 
dependence of the stress on the strain rate.    
 
It was found that the texture developed after plane strain compression 
of AA5083 at RT followed by annealing, was weak in most of the 
cases with a dominance of 	-fibre components. Cube orientation was 
almost negligible and sometime inexistent especially at high strains 
and low annealing temperatures. Nucleation of Cube oriented grains 
became more efficient when the annealing temperature was higher. 
The effect of the degree of deformation on the intensity of texture was 
more pronounced than the effect of annealing temperature, it was 
observed that by increasing the strain, the intensities of the β-fibre 
components increased. The dominance of β-fibre components was 
attributed to nucleation on shear bands which were observed in OIM 
images of different samples, the shear bands which were observed 
during plane strain compression and rolling constitute potential 
competitive nucleation sites to Cube bands, which explained the 
negligible presence of the Cube orientation component.  
 
Comparison of the texture developed in AA6082 to different 
combination of PSC and artificial aging showed that higher intensities 
were observed when aging preceded deformation, rather than when 
deformation preceded aging. This difference was attributed to the fact 
that in the last case the deformed material contained a high dislocation 
density, so when aging took place, the existing dislocations served as 
nucleation sites for precipitation. Whereas when precipitation 
preceded deformation, the role of the precipitation was to keep the 
actual grain structure, and reduce the mobility of dislocations during 
further deformation, and from it can be concluded that the size of 
precipitates play an important role in nucleation process. The 
misorientation between the particles and the matrix increase with the 
size of the precipitate; particle simulated nucleation (PSN) can take 
place concurrently with nucleation at other sites leading to a random 
texture such as the one observed after over-aging and deformation to 
30%. 
 
The analysis of Portevin-LeChâtelier phenomenon in AA5083 showed 
that this effect occurs most frequently around room temperature; the 
degree of dynamic strain aging, which was indicated by the frequency 
of the serrations in dynamic micro-indentation tests was mainly 
dependent on the concentration of Mg atoms. Portevin-LeChâtelier 
effect was not so important in the case of heat treatable AA6082 alloy 
aged at room temperature during six months. According to a previous 
work done on AlMgZn alloy naturally aged for different period of 
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time, Portevin-LeChâtelier effect was important at the beginning of 
aging at room temperature, and became less important when aging 
time increased. That was attributed to the formation of GP-zone 
during the first minutes of the natural aging process, and once aging 
time increased, GP-zones became unstable and serve as nucleation site 
for the next stage in the precipitation sequence. However, AA6082 
was aged six months at room temperature and this neglected the 
chance to have GP-zones in the material, which explained the weak 
serrations frequency observed in the micro-indentation tests that can 
be caused by the excess of Si atoms dissolved in the matrix.  
 
VI.2 Suggestions for further work 
 
Wrought AA5083 generally has a high resistance to the corrosion, 
which make it useful in wide variety of applications. However, under 
special conditions this alloy is susceptible to intergranular corrosion. 
This susceptibility is caused by the presence of dispersed particles 
near the grain boundaries. However, during this work, it was observed 
that AA5083 exhibited a high strength during compression at high 
temperature due to the excess of Mg in solution in one hand, and to 
the presence of intermetallic particles in the grain boundaries in the 
other hand. It will be interesting to investigate the possibility of 
keeping the strength of the alloy by deformation at high temperature 
and reducing the risk of inter-granular corrosion.  
 
Other phenomenon that makes the producer of AA5083 worry when is 
deformed at high strain rate, is the effect of Portevin-LeChâtelier. It 
will be useful to analyse the strain at which Portevin-LeChâtelier 
effect appears, in function of testing technique and the effect of this 
phenomenon on the texture developed in samples presenting different 
degree of dynamic strain aging, as well as on the cosmetic effect of 
this phenomenon. 
 
As the strongest alloy in Al-Mg-Si system, it will be useful to analyse 
the behaviour of AA6082 after an alternative aging treatments, such as 
retrogression and re-aging to achieve the stress corrosion cracking 
resistance exhibited by over-aged alloys while maintaining peak aged 
strength.  TEM microscopy will help to understand changes in the 
microstructure, specially the precipitation sequence after retrogression 
only and after re-aging. An examination of the texture after 
combinations of compression test and   the different aging steps, and 
the effect of precipitate-dislocation interaction on texture for each case 
will be of great interest. 
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Optical metallography carried out on samples deformed in plane strain 
compression mode, put in evidence the localisation of deformation in 
what is known by the slip lines field, which depends and varies with 
the geometry. Little is known about the effect of these lines field on 
the microstructure and on the texture, which result from geometrical 
effects during plastic deformation. It would be interesting, to proceed 
in this analysis, and to study the relation between the presence of slip 
lines field and the texture as a function of the deformation mode.   
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ADDENDUM 
 
ANALYSIS OF THE TRIP EFFECT BY 
MEANS OF AXISYMMETRIC 
COMPRESSIVE TESTS 
 
I. Introduction  
 
TRIP (Transformation Induced Plasticity) steel has been used 
intensively for auto-body construction not only for weight savings but 
also to improve the crashworthiness of vehicles. TRIP steels (or TRIP-
assisted steels) can combine both advantages for forming (high 
uniform elongation) and dynamic dimensioning (high strength). The 
formability of TRIP steel depends on the amount and the stability of 
retained austenite, due to the transformation of austenite to martensite. 
It was found that the TRIP effect does not only enhances the 
stretchability but also the deep drawability. This transformation during 
deformation is accelerated when the strain rate is increased, which is 
an advantage to improve the crashworthiness of an auto-body, without 
deteriorating the energy consumption at low strain rate.  
 
Mechanical properties of tensile strengths between 600 and 800 MPa, 
together with a ductility above 25% are obtained in TRIP-assisted 
steels by a combination of a ferritic matrix (for ductility), bainite (for 
strength) and an appropriate volume fraction of metastable retained 
austenite, which during deformation transforms into martensite, will 
provide an enhancement in the ductility. From this point of view, the 
carbon content and the size, distribution and crystallographic 
orientation of the retained austenite are the parameters that determine 
its transformational stability. Enhancement in the ductility in TRIP-
assisted steels results from the increment in the work hardening rate, 
which delays the onset of different types of plastic instability. The 
increment in strength in these materials is associated with the increase 
in dislocation density promoted by the change in volume associated 
with the transformation. A recently published work [1] establishes that 
the onset for necking, which is the macroscopic manifestation of strain 
localization in tension, can be predicted by means of recording the 
changes on the volumetric fraction of the retained austenite of the 
steel during deformation. 
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A lot of investigations have been implemented in the recent years in 
the field of so-called TRIP steels, because of their attractive 
combination of high strength and ductility. The TRIP–assisted or 
TRIP–aided steels have complex multiphase microstructures, which 
consist in general of ferrite, bainite and retained austenite, but in some 
cases martensite and carbides may be present. Their strength and 
formability characteristics are obtained in cold rolled steels by 
subjecting them to a specific two-stage heat treatment, consisting of 
an intercritical annealing stage (between Ac1 and Ac3) immediately 
followed by a (sufficiently fast) cooling into the bainitic region, where 
the sample remains isothermally for a period of time, before its final 
cooling to room temperature. This treatment results in a 
microstructure consisting of ferrite, bainite and islands of retained 
austenite. The duration of the isothermal treatment in the bainitic 
region is critical, as a minimum amount of untransformed (retained) 
austenite is required to achieve the TRIP-effect in the steel [2-5]. 
 
II. Experimental procedure 
 
II.1 Composition and heat treatment 
 
The study of the behaviour of conventional TRIP-assisted steel with 
various amounts of retained austenite and with different carbon 
content during deformation at room temperature was carried out. The 
mechanical tests were conducted in axisymmetric compression to take 
advantage of the higher level of deformation that can be attained in 
this type of test.  
 
Cylindrical samples of 15 mm in height by 10 mm in diameter were 
machined from a Si-Mn bearing steel (0.13% C, 1.24% Si, 1.62% Mn, 
0.017% P, 0.003% S, 0.026% Cr, 0.015% Mo, 0.025% Ni, 0.062% Al, 
0.003% Nb, in weight) which was considered to be adequate to 
provide the multiphase structure of ferrite, bainite and retained 
austenite needed for the TRIP effect. The specimens were heat treated 
in salt baths following a two-stage heat-treating cycle. The first one 
consisted of four minutes intercritical soaking for at either 750 or 
800°C to promote different mixtures of ferrite and austenite. The 
second isothermal stage was carried out at either 400 or 450°C to 
promote the partial transformation of the previously formed austenite 
into bainite. The specimens were left at this temperature for either two 
or four minutes to vary the degree of transformation. The samples 
were left to cool down to room temperature on air. The record of the 
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actual thermal cycle for a specimen is shown in figure A.1. The 
temperature of the sample was controlled by means of two 
thermocouples, one embedded in the centre of the sample and the 
other one welded to the surface (Fig. A.2). 
 
 
 
Figure A.1: Thermal cycle recorded by two thermocouples, one in the 
centre of the sample and the other welded on the sample surface, 
temperature of each thermocouple and difference between them 
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Figure A.2: Diagram of the sample before deformation with the 
positions of the thermocouples and the observation plane 
 
II.2 Uniaxial compression testing 
 
The samples were deformed in axisymmetric compression in the 
GFSS to different nominal values of strain (0.25, 0.5 and 1) at room 
temperature and at a constant strain rate of 0.1 s-1. 
 
All the experiments were conducted using 0.1 mm thick 
polytetrafluorethylene (PTFE) tape as a lubricant to reduce the friction at 
the specimen-tooling interface. The load-displacement data were 
converted into stress-strain curves assuming a friction coefficient of 0.05.  
 
II.3 Microscopic analysis 
 
The microstructure of the samples before and after the deformation was 
studied by means of light optical microscopy (LOM) and scanning 
electron microscopy (SEM). The samples were cut trough the centre, 
parallel to the height of the cylinder and were mechanically ground and 
polished up to 1 µm diamond paste following standard procedures. The 
specimens for LOM were etched with a colour tint reagent (Le Pera 
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technique) [6,7], whereas those for SEM were etched in a 2% solution of 
nitric acid dissolved in methanol (nital2). Only the samples that were 
chosen for OIM analysis underwent electropolishing.  
 
The volume fraction of retained austenite was determined by X-ray 
diffraction (XRD) with Mo-Kα radiation (λ = 0.0711 nm) using the direct 
comparison method [8]. The volume fraction was computed from the 
integrated intensities of two diffraction peaks corresponding to austenite: 
{220} and {311}, and two from ferrite, {200} and {211}. The 27° – 39° 
2θ angular interval was scanned with a step size of 0.01° with a scanning 
rate of 1.2 s/per step The carbon content in the retained austenite before 
deformation was calculated from the angular (2θ) shift of the (220) γ 
diffraction peak, following: 
 
θ
λ α
sin
2
0
MoKa =     (I) 
 The lattice parameter of austenite, which is dependent upon its chemical 
composition, was calculated by [8,9]:  
 
[ ] [ ] [ ]SiMnCao %000152.0%000095.0%0033.03578.0 ⋅−⋅+⋅+=     (II) 
where the dimensions of the lattice parameters are given in nm and the 
contents in weight percentage. This approach allows a direct comparison 
of the results to these reported elsewhere [4,5]. All metallographic 
studies, as well as the XRD measurements were carried out in the centre 
of the samples as it is shown in figure A.2. 
 
III. Results 
 
Table I shows the amount of retained austenite that was measured by 
means of XRD. The change in the lattice parameter of austenite and the 
amount of carbon dissolved within this phase was computed from the 
shift of the {200} austenite peaks. The analysis of the XRD patterns 
showed that the amount of retained austenite is reduced with the amount 
of deformation imparted to the samples.  
 
 
Table I: Results from the X-ray diffraction analysis. 
 
Sample Intercritical temperature 
Bainitic 
temperature 
Bainitic 
time 
Retained 
austenite 
Lattice 
parameter 
Carbon 
dissolved 
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(°C) (°C) (min) (%) (nm) % 
A 750 400 2 5.70 0.3605 0.817 
B 750 400 4 5.84 0.3609 0.931 
C 750 450 2 7.22 0.3608 0.833 
D 750 450 4 7.56 0.3608 0.899 
E 800 400 2 6.44 0.3608 0.915 
F 800 400 4 7.13 0.3615 1.111 
G 800 450 2 9.11 0.3606 0.833 
H 800 400 4 6.63 0.3609 0.931 
 
Figure A.3 displays the diagrams for specimens that were treated for four 
minutes at 800°C and two minutes at 450°C and were compressed to 
different strain levels. Table II shows the amount of retained austenite in 
various samples as a function of applied strain. 
, 
Figure A.3: X-ray diffraction patterns of the samples heat treated at 800 
and 450°C for two minutes and compressed to various amounts of strain. 
The variation of the retained austenite as a function of compressive 
strain, together with data from a material with similar composition and 
heat treatment tested in tension [5], is shown for comparison (Fig. A.4). 
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Figure A.4:  Variation of the amount of retained austenite as function of 
strain (data from Ref. [5] are included) 
 
Variation of the normalized transformation of the retained austenite as 
a function of strain is plotted in figure A.4. Four dotted curves 
(identified as A to D) show the variation of the transformed fraction 
for the combination of the intercritical and bainitic temperatures. The 
transformed fraction was calculated as: 
  
o
oX
γ
γγ ε−
=     (III) 
Where X is the normalized transformed fraction and γo and γε are, 
respectively, the amounts of retained austenite in unstrained and strained 
conditions (Table II). 
 
Figure A.5 shows the stress-strain curves obtained from the load-
displacement data assuming a friction coefficient of 0.05 [10]. All the 
curves show a continuous increase of strength up to a constant level of 
stress (saturation). The strength of the material increases with the 
increment of the intercritical soaking temperature as well as the bainitic 
holding temperature. The time at the bainitic stage seems to affect the 
strength only when the intercritical soaking was carried out at 750°C. 
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Table II: Changes in the amount of retained austenite with the amount of  
 deformation 
Strain Sample 
identification 0 0.25 0.5 1 
A 5.70 2.34 1.17 1.14 
B 5.84 2.05 1.89 - 
C 7.22 3.68 2.13 1.23 
D 7.56 3.70 3.23 1.12 
E 6.44 3.11 2.80 1.56 
F 7.13 5.28 2.82 1.87 
G 9.11 3.43 2.82 1.59 
H 6.63 - 1.77 1.20 
 
 
Figure A.5: Variation of the fraction of austenite transformed  
during deformation 
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Figure A.6: Stress-strain curves after different heat treatments. IT and 
BT are the intercritical and bainite temperature; the time at BT of two 
and four minutes are indicated 
 
Microscopic examination of unstrained and deformed samples indicates 
that deformation is concentrated in ferrite. Figures.A.7 and A.8 present 
the microstructures of the sample identified as G in Table I, which 
correspond to the highest amount of retained austenite after heat 
treatment. The microstructures were prepared from unstrained specimens 
and from samples deformed to an equivalent strain of one.  
 
A characteristic feature of samples A (with low retained austenite) and G 
(with high amount of retained austenite) is that the carbon content of the 
austenite is almost the same, 0.82% and 0.83%, respectively. Therefore, 
the temperature at which transformation from austenite to martensite in 
non-strained conditions (Ms) should be also equal or at least should differ 
in only a small amount. The latter opens a possibility to compare the 
influence of the stress or strain state on the transformation behaviour of 
the TRIP-assisted steel, because the amount of martensite transformed 
from retained austenite will only depend on the amount of deformation, 
not on chemical composition. 
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Figure A.7: SEM images of sample G before deformation (a, b) and 
after an equivalent strain of one was imparted (c, d). Details from the 
microstructure of undeformed (c) and deformed (d) sample – 1-ferrite; 
2-bainite; 3-retained austenite (and /or martensite)(white). 
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Figure A.8: OIM images of sample G before deformation (a) and after 
an equivalent strain of one was imparted (b). 1-ferrite (white); 2-bainite 
(black); 3-retained austenite (and /or martensite) (gray). 
 
V. Discussion 
 
It can be seen in figure A.3 how the peaks corresponding to retained 
austenite diminish with the increase of strain, which implies its 
transformation into a more stable structure. The angular (2θ) position of 
the austenite {220} and (311} peaks are 32.205° and 38.078°, 
respectively, which are smaller than the expected values of 32.42° and 
38.22° for unalloyed austenite with the diffraction conditions used [8]. 
Such shift will be caused by a FCC structure with a lattice parameter (ao) 
of 0.3606 nm, from which the carbon content of 0.833% is calculated. 
 
The four dotted lines, which are shown in figure A.3 (one for each of the 
four combinations of two soaking and two bainitic temperatures) display 
how the volume fraction of retained austenite changes with deformation. 
It can be seen that most of the austenite transforms at an early stage of 
1 
2
+
3 
2+3 
1 
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deformation, although some austenite remains untransformed even at 
strains as high as one, data from tensile tests [5] indicate that the material 
follows a similar behaviour, independently of the different deformation 
path. 
 
The stress-strain curves can be fitted to the relationship described by Eq. 
(II.26) by plotting the instantaneous work hardening rate (d/d) as a 
function of stress. Figure A.9 shows such a construction for the 
specimens with the lowest and highest amount of retained austenite, A 
and G in Table I, where it can be seen that the samples follow the 
constitutive relationship given by Eq. (II.26), as it is possible to find a 
straight portion of experimental data that follows the relationship: 
 
  σσ
ε
σ CC
d
d
s −=
        (IV) 
 
therefore, the values of C and s are obtained by fitting a straight line 
through the experimental data points. The linear relationship given by 
Eq. (IV) is associated with stage III deformation in single crystals [11-
14].  
 
The values of d/d were calculated by fitting a succession of second 
degree polynomials to an even number of data points of the stress-strain 
curve, the procedure used in this work is described elsewhere [15]. The 
broken line describing Considère criterion, d d =  [16] in figure A.9 
represents the stress at which necking would develop in tension in a 
strain rate insensitive material. The strain for the onset of necking (εn) 
can then be obtained 
  ( ) ( )	
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Close examination of figure A.9 shows that the interpolations (dotted 
lines) do not go through the experimental data at stresses higher than 
those for Considère's criterion, and this will result in the underestimation 
of the strength of the material towards high strains.  
 
Figure A.10 shows the comparison between the experimental stress-
strain curves and those predicted by Eq. (II.26), the parameters 
required in this equation were obtained from figure A.9. It can be 
appreciated that the agreement of the fitted curves with the 
experimental data is very good at low stresses, but above a certain 
value of stress, the experimental curve lies above the fitted one. 
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Figure A.9: Plot of the instantaneous work hardening rate as a 
function of stress for the materials identified as A and G in Table 1.  
 
 
Figure A.10: Experimental and fitted stress-strain curves for the 
materials identified as A and G in Table III.3. 
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One of the most common equations used to describe the stress-strain 
behaviour of materials tested in tension is that proposed by Hollomon 
in 1944 [17], which is equal to Eq. (II.25) without the pre-exponential 
yield stress term (o). It can be demonstrated that if the material 
follows such a relationship, the exponent (n = dlnσ/dlnε) should be 
constant and equal to the strain at the onset of necking. 
 
Figures A.11 and A.12 show, respectively, the variation of dlnσ/dlnε 
with respect to either strain or stress. The dotted line in figure A.11 
corresponds to dlnσ/dlnε = ε, and, as it can be seen in this figure 
dlnσ/dlnε varies with strain, so the data obtained should not be 
adjusted with the constitutive equation of the type given by Eq. 
(II.25). A small plateau is appreciated in either curve in figures. A.11 
and A.12, in all cases a couple of arrows indicate the extension, either 
in strain or stress, of such plateaux, Table III summarizes these data. 
 
Figure A.11: Variation of dlnσ/dlnε with respect to the strain for the 
experimental curves of Fig X, the dotted line dlnσ/dlnε = ε is normally 
associated with the onset of necking in tensile tests. 
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Figure A.12: Variation of dlnσ/dlnε with respect to the stress for the 
experimental curves of figure. A.10 
 
The presence of the plateaux mentioned above, as well as the lack of 
agreement between the experimental data and the curves fitted to Eq. 
(II.26) (Fig. IX) can be taken as an indication that some mechanism is 
enhancing the strength of the material. 
 
Table III: Parameters deduced from the analysis of the stress-strain 
curves of samples with high an low amounts of retained austenite 
Parameters in Eq. (4) Strain Stress (MPa) Sample 
identification 
σo 
(MPa) 
σs 
(MPa) C start end start end 
A 265 765 0.090 0.186 0.221 702 730 
G 390 860 0.095 0.175 0.200 785 810 
The start and end of strain and stress correspond to the plateaux of figures 
A.11 and A.12. 
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Figures A.7 and A.8 show the microstructure of samples A and G, 
respectively, before and after deformation to an equivalent strain of 
one. The microstructures consist in a ferritic matrix that surrounds the 
retained austenite and bainite, which are resistant to the etching agent 
used [18]. These images can be used to explain the mechanical 
behaviour of the material. It can be considered that the heat treated 
material consists of a mixture of ferrite, retained austenite, bainite, and 
traces, if any, of martensite (Fig. A.7a, A.7c and A.8a). At an early 
stage of deformation the ferrite will deform to a greater extend than 
any of the other structures, due to their relative strength, but, at the 
same time, some of the retained austenite will be able to transform 
into martensite, augmenting, with it, the strength of the material. It is 
only when deformation has accumulated in ferrite, increasing its 
strength to the level that it cannot sustain any more homogeneous 
deformation, that the TRIP-effect is triggered in austenite, with the 
consequent increase of strength and work hardening rate (dσ/dε) 
observed in figures A.3 to A.5. Figures. A.8b and A.8b indicate that 
the greater part of the deformation is carried out by the soft ferrite, i.e. 
the shape changes in the ferritic zone are bigger, as the harder 
structures like bainite and retained austenite are separated following 
the direction of plastic flow. It seems that the latter first rotate while 
ferrite deforms and later part of the retained austenite transforms to 
martensite.  
 
Close examination of figures A.9 to A.12, together with the data 
shown in Table I can help to understand the effect of changing the 
amount of initial retained austenite with equal carbon content. The 
effect of increasing the amount of retained austenite seems to result in 
triggering the TRIP effect at lower strains, but higher stresses (0.175 
and 785 MPa in comparison to 0.186 and 702 MPa, when changing 
from 9.11 to 5.70%). The maximum strength that can be achieved by 
the material depends in the amount of retained austenite in the 
undeformed material, as the sample with the higher amount of such 
phase will reach close to 900 MPa, whereas the one with the lower 
amount only reached 780 MPa. 
 
V. Conclusion 
 
In this work an analysis of the TRIP-effect has been implemented by 
means of a series of axisymmetric compressive tests on different 
multi-phase structures of a Si-Mn bearing TRIP-assisted steel, which 
contain retained austenite from 5.70 to 9.11%. The results show that 
the axisymmetric compression test is a powerful tool to investigate the 
transformation stability of the retained austenite in low alloyed TRIP–
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assisted steels, giving possibilities for controlled loading up to high 
levels of the true strain. 
 
The high strains achieved by axisymmetric compression testing 
allowed for a deeper analysis in relation with the nature of the 
constitutive equations, and, from them, it was possible to found the 
point at which the TRIP-effect is triggered. 
 
The behaviour of the material with about the same carbon content of 
the retained austenite was affected only by the amount of retained 
austenite. Under the above-mentioned conditions it was found that the 
TRIP effect was triggered at lower strains, but higher stresses, as the 
amount of this phase increased. The maximum strength of the material 
seems to be related with the content of retained austenite in 
undeformed conditions. 
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